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Bio tribology has developed as a significant discipline of tribological research with increasing 

demand of customisable products and need of ergonomics. Hence, the tribological concerns for 

the effect of relative motion between skin and the interacting materials has recently been 

intensified. This has raised the need for realistic experimental investigations for the frictional 

behaviour at skin contact interface. The aim of the current research is to develop an economic 

and reliable human skin tribometer to simulate the relative motion between human skin and 

domicillary materials. Furthermore, the experimental investigation of test materials is 

performed to investigate its frictional attributes with human skin. Lastly, a predictive model is 

provided for the coefficient of friction at human skin contact.  

Chapter 1 introduces skin tribology as a subdomain of tribological research. An overview of 

human skin anatomy is presented. Mechanisms and measurement techniques of human skin 

friction are discussed based on the published literature.  Further, objectives are defined for the 

proposed research and the methodology adopted for the same. Motivation of the present 

research is highlighted at the end of the chapter. 

Chapter 2 provides information on the latest reported research and growth in the field through 

a bibliometric study. This also yields insights on the most impactful authors, affiliations, co- 

citation networks and author collaborations in human skin tribological research. Additionally, 

to further narrow down to the in- vivo experimental research, a scoping review is conducted 

through preferred reporting items for systematic reviews and meta-analyses (PRISMA) 

technique, which classified the in-vivo experimental research into four popular anatomical 

regions taken as site of human skin tribological investigations. Review highlights that no 

experimental investigations have been performed over finger pad through parallel-rotary 

measurement techniques. It was also concluded that no study is reported taking indian test 

subjects along with the indian geographical conditions. 

Chapter 3 elaborates the design and development of parallel rotary type and sliding 

(reciprocating) type human skin tribometer. Further, validation tests are performed for the 

repeatability and reproducibility of rotary device. The developed rotary tribometer has higher 

range for normal load and sliding velocity in comparison with the designs reported in the 

literature. Sliding type tribometer is developed to simulate the popular technique of human 

friction measurement through sliding relative motion. 

Chapter 4 conducts the human based survey to get the feedback for the material selection as 

the test samples. In-vivo experiments are performed on human test subjects on rotary and 
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sliding tribometers. Load range for the rotary tribometers is taken between 4 to 10 N. While 

for sliding tribometer normal load varies from 2 to 15 N. Sliding velocity range for rotary 

tribometer is 4.5 to 10.5 cm/ sec and in sliding type this ranges from 20 to 60 mm/ sec. Both 

the tribometers report higher coefficient of friction (COF) for wet state experiments. Also, 

experimental investigations conclude that the COF varies as a function of power law with 

normal load. 

Chapter 5 provides the predictive model and optimization of COF at finger pad interface. A 

full factorial design of experimental runs is performed for combination at different levels of 

normal load, sliding velocity and skin hydration of test subjects. Response surface 

methodology (RSM) and Artificial neural network (ANN) techniques are used to develop the 

predictive model. Further, a comparative study on the predictability of the developed model 

through two techniques reported ANN to perform better with 5.91 % than that of RSM with 

9.93 % relative error. Lastly, a minimisation of COF is performed with RSM to get the optimal 

values of input parameters of the developed model. 

Chapter 6 includes the conclusions and future scope of the present work. 
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1. Chapter - 1 

Introduction 

1.1 Skin Tribology 

Tribology is the study of the frictional interaction of two contact surfaces in relative motion to 

each other. Tribology is studied in the purview of industrial, computational, geological, 

biological, space, and green processes where wear and lubrication are explored as a part of it.. 

In tribological studies, researchers have strong opinions over both beneficial and non - 

beneficial aspects of friction. Bio tribology is the subdomain of tribology that studies the 

friction, wear or lubrication phenomenon of the two-interacting surface one or both of which 

are part of a biological system. Bio tribology encapsulates multiple domains of dental, joint, 

skin, and oral tribology.  

Skin tribology studies the tribological behaviour of skin with interacting material. Skin 

tribology is a multi-disciplinary field encapsulating the principles of contact mechanics, 

dermatology, biosciences and engineering, and material science as illustrated in Figure 1.1. 

Skin frictional interaction has been studied in various fields in relevance and adaptability to 

their particular objectives such as medicine [1]–[3], product design [4]–[7], textile development 

[8]–[12], and robotics  [13]–[15]. The thesis presents the tribological aspects of the finger pad 

(tactile friction) and attributes affecting it, their range, and interaction (discussed in detail in 

later chapters) with the tested material samples in the Indian context.  

 

Figure 1.1 Domain interconnections in skin tribology 

1.2 Human Skin Anatomy 

Human skin is a complex structure that protects the body from any physical, chemical, and 

biological attacks from the external environment. Skin is one of the prominent tissues of the 
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human body and accounts for ~15 % of body weight, bears thickness between 1.5- 4 mm and 

has a surface area of 2 square meters [16]. Human skin helps in sensation and metabolism for 

the structure of the human body [17]. Skin is broadly divided into three layers: the epidermis 

(which acts as a protective barrier and forms new skin) is the uppermost, the dermis (grows 

hair, sweat generation, and supply of blood) in the middle, and hypodermis  (acts as a cushion 

for muscles and bones) at the bottom [16] as shown in Figure 1.2. The structure and 

characteristics of human skin are a function of anatomical location, age, sex, and ethnicity [18] 

or environmental factors [19]. Human skin is highly non-linear and viscoelastic [20], [21] 

making its tribological investigations complex with its structure and local microclimate 

affecting the frictional parameters at the contact interface. 

 

Figure 1.2 Multi-layered structure of human skin 

Mostly, all the experiments for tribological explorations are performed over the human finger 

pad so understanding the finger pad anatomy gains importance in relevance to the current study. 

The anatomy of the finger pad adapted from [22] is depicted in Figure 1.3 and is used to 

understand its structure and further its tribological aspects in the later chapters of the thesis 

[23]–[25]. A finger pad is a multi-layered structure composed of epidermis, dermis, and 

subcutaneous tissue. Dermis the thickest layer that makes 90% of the total thickness consists 

of Meissner mechanoreceptors responsible for sensing fine touches. Vibration through the skin 

is also sensed by the Meissner mechanoreceptors while subcutis has the Pacinian 

mechanoreceptors that are receptors of pressure. The dermis has the sweat glands where 

secretion takes place depending on individual characteristics and in turn, this affects the amount 

of friction force needed for a particular gripping task. Finger friction is not limited to 

manipulation tasks but also relates to surface perception [26]. 
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Figure 1.3 Anatomy of human finger pad (adapted from [22]) 

1.3 Skin Friction Mechanism 

Literature reports extensive work for the investigation of skin friction by a frictionless spherical 

probe rotating or sliding on the skin [27]–[31] to replicate the interaction between skin and the 

contact material. Amonton’s law defines coefficient of friction (COF) as the ratio of frictional 

force and the applied normal load that holds true for the tribological investigations of human 

skin. Researchers have tried to mimic the skin's mechanical characteristics such as 

viscoelasticity, toughness, and stretchability [32]–[34] to the extent of replicating the human 

skin in the possible areas of application. With the usage of elastomeric materials [35] and 

considering the mechanical attributes of human skin, the application of theoretical friction 

models in the tribological aspects of human skin [36] is popular. The Two-term friction model 

of elastomer consists of an adhesion and deformation component of the frictional force as 

shown in equation 1.1. 

adhesion deformationF F F = +       1.1 

The adhesion component is reported to have a major role while the deformation component is 

not that significant in relation to the friction measurements of human skin [27]. In literature 

multiple theoretical models viz. Hertz, Johnson–Kendall-Roberts (JKR), and Greenwood-

Williamson (GW) are reported that explain contact behaviour and friction mechanisms related 

to the human skin [28], [37]. Hertz's theory assumes the material to be isotropic and is 

applicable for small deformations [37]. 

The adhesion component is the amount of force required to break the bonds due to adhesion 

between the two surfaces in contact as in equation 1.2, where  is the interfacial shear strength 

and realA is the actual area in contact between the two surfaces.  

*adhesion realF A=       1.2 
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Viscoelastic nature of skin causes work dissipation when skin is indented by a harder counter 

surface. The resulting deformation is compensated by the work loss due to hysteresis per unit 

length of sliding distance. The deformation component is evaluated by equation 1.3, where β 

is the viscoelastic loss fraction and a/ R is the relative indentation into the skin. 

3
* * *

16
deformation

a
F F

R
=      1.3 

1.4 Skin Friction Measurement Techniques 

Human skin friction has been studied by various researchers widely about its mechanical 

attributes. Broadly, [38] encapsulated the methods used for the development of equipment for 

measuring human skin. Human skin tribological investigations have been studied under two 

broad domains: First, ex-vivo or in-vitro, and second in-vivo. The thesis progresses with the 

second classification (in-vivo) based on the type of motion between the two materials: rotary, 

sliding (reciprocating), or moving skin [39].  Prominent experimental studies and tribometers 

used in the investigation of human skin tribological aspects and their measurement have been 

discussed in Chapters 2 and 3 in a detailed manner. 

1.5 Methodology 

Following are the research methodology adopted for the development of the thesis: 

• Bibliometric analysis followed by a scoping review is performed, aiming at in-vivo 

experimentations in human skin tribology. Bibliometric analysis is a descriptive 

overview of the domain experts, collaborations, journals, and the timeline. In the 

scoping review, content analysis is performed to chronologically arrange the in-vivo 

experiments performed in the domain of human skin tribology. 

• Design, development, and fabrication of parallel rotary type (PTT) and sliding type 

tribometer (STT) for human skin friction measurement is done. In the PTT tribometer, 

rotary probes of countersurface materials are developed for friction measurement with 

human skin. While STT measures the finger pad friction by making sliding contact 

with a moving countersurface attached to the force plate as a sheet. 

• Experimental investigations and analysis of the friction measurements of the test 

materials (as counter surface) with a finger pad are performed. In PTT experimental 

investigations are performed for two textiles, two polymeric materials, one acrylic, 

and four metal test samples. STT experiments are performed for acrylic, mica, wood, 

and 4 metal test samples 
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• Modelling and optimization of frictional parameters for minimizing the COF value 

between the steel probe and finger pad are carried out. The predictive model is 

developed using response surface methodology (RSM) and artificial neural network 

(ANN). Further, comparisons were made for the predictability of COF as a response 

variable between the two models. 

1.6 Motivation 

The thesis contributes to the pertinent knowledge on human skin tribology for researchers, 

product designers, and end users. The bibliographic study presented, is one of its kind in the 

domain of human skin tribology, which will help budding researchers to identify newer research 

areas and enhance collaboration network with existing experts working in the field. All 4 

popular anatomical regions that have been identified through literature are used as the site of 

tribological investigations in the in-vivo tribological explorations of human skin. 

Tribometers are developed based on the two most common nature of relative motion between 

skin and equipment; namely rotary and sliding. The rotary and sliding are customized as parallel 

rotary-type and sliding type respectively. The purpose of designing a parallel rotary-type 

tribometer is two-fold, primarily having the benefits of both portable and bench-top design to 

achieve, higher versatility and less variability in the COF measurements. Secondly, as discussed 

in previous sections with multiple application areas of skin friction investigations, making an 

economical, easy to develop, and foremost customizable tribometer is highly required. A 

reciprocating tribometer is fabricated to investigate the coupling of two measurement principles 

(sliding probe and moving skin) discussed in chapter 4. Experiments have been conducted both 

in a ‘dry’ and ‘wet’ state. All the experimental results reported can be normalized for COF value 

considering other micro and macro parameters such as the nature of contact, texture, and 

environment.  

The developed models for the COF between finger pad and steel probe can be replicated with 

other materials. Similarly, optimal values of input parameters could be obtained for the 

minimization, or targeted value of COF as per the requirement (precision or power grip) based 

on the product features and application area.  
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2. Chapter - 2 

Literature Review 

2.1 Introduction 

In the previous chapter, an introduction to skin tribology and its relevance to investigating 

human skin friction was discussed. In the current chapter, a detailed discussion, and an outline 

of the overall progress of research in the domain of human skin tribology through a bibliometric 

study is presented. Further, scoping review is performed for the in-depth literature survey in 

the interdisciplinary domain ascribed to its anatomy [1], mechanical characteristics [2], 

biological attributes, and frictional properties [3]. Human skin is highly non-linear [4], 

anisotropic [5], and viscoelastic [6] hence, its tribological behaviour has been studied by 

different researchers through rotary or sliding friction measurement devices discussed in detail 

in the later sections.  

Depending on the anatomical region, nature of the test specimen, and objective of the study, 

the researchers have opted for different techniques to investigate the mechanical properties of 

human skin. The three most popular testing techniques to measure the mechanical properties 

of human skin reported in the literature are indentation [7]–[11], suction [12], and optical 

coherence tomography (OCT) [13]. 

Micro and macro attributes affecting the human skin frictional behaviour are shown in Figure 

2.1. Micro attributes are hard to measure, quantify and report at a single point in time, while 

the macro parameters have high variance, visible impact and ease in quantification. Another 

classification of attributes affecting human skin friction is intrinsic (related to subject 

characteristics) and extrinsic (any attributes other than the subject characteristics). Micro 

attributes affecting the friction of human skin are the ridges between the fingerprint in the case 

of the finger pad and sole, sweat secretion characteristics [14], [15], hair on the skin [16], sebum 

[17], relative humidity [18]–[20], temperature [18], and skin hydration [21]–[23].  

Macro attributes affecting the friction of human skin are normal load [24]–[27], sliding velocity 

[28]–[30], surface roughness [22], [26], [31], [32], textures [33]–[35], skin conditions and the 

physical attributes of the material in contact. Few researchers have studied anatomical region 

[36]–[38], gender [39], [40], ethnicity [41], and age [21], [42] as the macro attributes affecting 

the tribology of human skin. Since skin alters its mechanical properties [43] at different body 
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regions, it is a must to highlight the correlation between the intrinsic and extrinsic attributes for 

a better understanding of the factors affecting the human skin tribology [20], [44]–[47].  

 

Figure 2.1 Attributes of human skin friction based on two classifications: 

subject-based  (Intrinsic and Extrinsic) and scale-based (Micro and Macro) 

Various researchers in the domain of bio tribology have presented highly informative review 

studies for human skin frictional interaction and its behaviour [2], [3], [48]–[53].  This chapter 

presents a literature review compiled in four sections. Section 2.2 presents the global level 

bibliometric overview for the domain of human skin tribology based on a literature survey. 

Section 2.3 further narrows down the literature survey through a scoping review to segregate 

the in-vivo experimental investigations to align with the defined objectives of the current 

research work. Section 2.4 highlights the research gaps identified through the literature review. 

Last section 2.5 summaries chapter 2. 

2.2 Bibliometric Overview 

Bibliometrics is a popular method to identify the research clusters in a structured fashion, to 

analyze and explore the trends, themes, and future research within the field embarked on the 

interest of investigators.  The bibliometric analysis presents a general layout of the reported 

studies based on parameters like Total global citations (TGC) and Total local citations (TLC). 

TGC is a measure of the number of citations by all studies indexed in the database. TLC refers 

to the number of citations of studies in an extracted database. The application of bibliometric 

studies has been extended to various disciplines like healthcare [54], entrepreneurship [55], 
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dentistry [56], hospitality [57], and manufacturing [58]. No attempt for bibliometric analysis 

in the domain of human skin tribological studies is yet reported. 

2.2.1 Data extraction and corpus creation 

An exhaustive literature survey was conducted in a scientific approach through two databases 

namely Web of Science (WoS) and Scopus. The search operation is performed through basic 

keywords, to segregate the data as enumerated in Table 2.1. 

Table 2.1 Keywords used, and number of documents retrieved for initial search process 

Keyword 

 Number of documents 

 Scopus Web of 

Science 

“Human skin tribology”  2701 174 

“Human skin” AND “Friction”  3225 244 

“Human skin” AND “Skin Tribology”  101 21 

“Human skin” AND “Friction 

Measurement” 
 222 10 

“Human skin” AND “Pressure ulcers”  3185 82 

“Human skin” AND “Skin temperature”  5497 273 

“Human skin” AND “Skin roughness”  608 33 

“Human skin” AND “Skin hydration”  3026 216 

“Human skin” AND “Sliding velocity”  52 6 

The search query was performed till the last week of February 2022. The same set of keywords 

was used for data extraction from both Scopus and WoS databases. The search pattern used 

generated a wide range of keywords, spread over various subjects and fields. The early analysis 

concluded, the need for target-oriented document extraction. A string shown as 2.1 is designed 

for the search criteria limiting the large range of data scattered over different disciplines. String 

takes the input of all the popular keywords from the literature arranged in the form of set  A, B, 

and C as shown in Table 2.2. 

 A customized string is defined using Boolean operators for data extraction as:

1 2 1 2 1 2((" " " " ..." ) (" " " " ..." ) (" " " " ..." )n n nA OR A OR A AND B OR B OR B AND C OR C OR C  2.1    
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Table 2.2 Keywords for search optimization 

Field of study 

(A) 

Parameters/ Factors 

(B) 

Anatomical region/ 

Contact surface  

(C) 

Tribology 

Human skin tribology 

Human skin friction 

Skin tribology 

Bio-tribology/ Bio 

tribology/ Bio tribology 

Friction measurement 

Tactile perception 

Tactile friction 

Pressure ulcers 

Skin mechanical 

properties 

Indentation 

Skin temperature 

Skin roughness 

Skin hydration 

Sliding velocity 

Normal load 

Friction coefficient 

Relative humidity 

Textile 

Woven 

Human skin 

Skin 

Fingertip/ Fingertip 

Finger pad/ Finger pad 

Forearm 

Finger 

Hand 

Search string extracted “3956” and “190” documents from Scopus and WoS respectively. The 

extracted dataset generated through the above-mentioned string is elaborately shown in Table 

2.3. 

Table 2.3  Document distribution for Scopus and Web of Science 

Scopus  WoS 

Document 

type 
N 

Contribution 

(%) 

 Document 

type 
N 

Contribution 

(%) 

Articles 182 95.78  Article 2794 70.62 

Proceedings 

Paper 
22 11.57 

 Conference 

Paper 
467 11.80 

Review 

Articles 
8 4.21 

 
Review 421 10.64 

- - - 
 Book 

Chapter 
146 3.6 

- - -  Book 112 2.8 

- - -  Letter 4 0.001 

- - -  Note 4 0.001 

- - -  Short Survey 3 0.00075 

- - -  Editorial 2 0.00050 

- - - 
 Conference 

Review 
1 0.00025 

- - -  Data Paper 1 0.00025 

- - -  Retracted 1 0.00025 
N- Number of documents extracted 

Manual inspection of the retrieved documents raised the need for filtering criteria. Individual 

inclusion or exclusion criteria opted for both databases before extracting the bibliometric data 

for further analysis as shown in Table 2.4. Review articles from both databases are excluded to 
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avoid any sort of biasness to the citation data to a particular article. In Scopus, to limit the 

extracted data in the nearest periphery to the domain of human skin tribology engineering and 

material science are taken as inclusion criteria. Document type is taken as article and 

conference in the Scopus dataset. Books series and trend journals are excluded from the dataset. 

Table 2.4 Filter criteria for data extraction 

Scopus 
N 

 WoS 
N 

Filter criteria In Ex  Filter criteria In Ex 

Year: 

(Earlier than1991) 

-  

3919 

 Document type: 

Review 

-  1

8

2 

Keywords: 

Tribology; Friction 

coefficients/(s); Skin 

friction; Skin friction 

coefficient; Finger; Tactile 

perception; Shear stress; 

Velocity; Moisture; Bio 

tribology; Fabrics; 

Indentation; Roughness; 

Tactile; Coefficient of 

friction  

 - 

1687 

 Language: 

English 

 - 1

8

1 

Subject area: 

Engineering 

Material science 

 - 

1307 

 - - - - 

Source type: 

Final 

 - 
1279 

 - - - - 

Language: 

English 

 - 
1190 

 - - - - 

Document type: 

Article 

Conference 

 - 

1122 

 - - - - 

Source type: 

Book series 

Trade journal 

-  

1095 

 - - - - 

In- Inclusion criteria, Ex-Exclusion criteria & N-Number of documents extracted 

 

 Finally, the number of documents extracted for the bibliometric analysis for Scopus and WoS 

are 1095 and 181 respectively. Different tags like the author, affiliation, country, TGC, and 

TLC are retrieved for further analysis from the databases.  

2.2.2 Bibliometric analysis 

Bibliometric analysis works on two indicators namely, performance analysis and science 

mapping. Performance analysis deals with descriptive statistics such as citation, author, 

organization country, and keyword data. Science mapping nucleates around the development 
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of relationships between research constituents. An R-tool [59] is used for data analysis and 

science mapping. The author, organization, and country-wise collaboration network are 

presented using a Louvain clustering algorithm proposed by [60]. The advantage of the 

Louvain algorithm over other clustering algorithms is its quality and less time in determining 

the community network. A three-field plot based on the Sankey diagram is plotted which 

visualizes how keywords, countries, and authors are interrelated. These databases are used for 

most of the quantitative analyses. For network mapping and visualization, only the WoS 

database is used to keep the study succinct. 

The study analyzed the published articles in the discipline of human skin tribology published 

from 1992 to 2021. Scopus reviewed 1095 documents from 401 sources by 2977 authors with 

an average of 6.77 citations per document. While WoS reviewed 181 documents from 58 

sources by 505 authors. Table 2.5 shows the document types from Scopus and WoS. Scopus 

reports 51 (4.65%) and WoS 5 (2.7%) single-authored documents. 

Table 2.5 Documents type extracted from Scopus and Web of Science 

Scopus  WoS 

Type of Document   Type of Document  

Article 921  Article 181 

Conference paper 174  Proceeding papers 22 

A. Research growth 

It has been a long now; the friction of human skin is been studied with the limited availability 

of information on attributes and testing methods. Human skin tribology has developed as a 

domain of multidisciplinary research. Figure 2.2 shows the year-wise publication data of 

research articles in Scopus and WoS. A steep rise in the number of publications post-year 2005 

complements the trend of citation per year data depicted in Figure 2.3. The highest number of 

publications (NP) and total citations (TC) is in the year 2018 for both Scopus and WoS.  Both 

these indexes highlight the production of articles in the field of human skin tribology in the last 

two decades.   
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Figure 2.2 Number of publications (NP) 

 
Figure 2.3 Total citation (TC) per year for Scopus and WoS 

B. Most impactful and cited authors 

This refers to the highly cited and referred authors extracted from both Scopus and WoS based 

on H-index. The h-index is defined as an author-level measuring index for the scholarly 

contribution to a particular domain of research. The top 10 most impactful authors are reported 

in Table 2.6 in the field of human skin tribology.  In both the data bases Derler, S. is at the top 

having total citations of 992 and 531 in Scopus and WoS respectively. In Scopus, Derler S. is 

followed by Van Der Heide, E., Rossi, R. M., Bueno M. A., Lewis, R.  and Carre, M. J. with  
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18, 14, 20, 16, and 13 publications respectively. Li, W., Zahouani, H., Masen, M. A., and Zeng, 

X have at least 10 publications. 

Table 2.6 Top 10 most impactful authors 

Scopus  Web of Science 

Author h-

index 

TC NP  Author h-

index 

TC NP 

Derler, S. 17 992 20  Derler, S. 11 531 12 

Van Der 

Heide, E. 

12 329 18  Van Der Heide 

, E. 

8 216 10 

Rossi, R. M. 11 289 14  Masen, M. A. 7 190 7 

Bueno, M. A. 10 380 20  Bueno, M. A. 6 100 7 

Lewis, R. 10 387 16  Gerhardt, L. C. 6 632 6 

Carre, M. J. 9 330 13  Rossi, R. M. 6 136 7 

Li, W. 9 143 11  Chen, S. 5 72 6 

Zahouani, H. 9 664 13  Rotaru, G. M. 5 112 6 

Masen, M. A. 8 272 10  Rutland, M. W. 5 217 5 

Zeng, X. 8 166 11  Skedung, L. 5 217 5 

 

The author’s collaborative network drawn from the WoS database is presented in Figure 2.4. 

A network having 50 nodes is drawn through the Louvain algorithm having an association 

method for the normalization. Each node represents the author, and the edges indicate the co-

authorship relation. The blue cluster represents 8 authors, and the pink cluster and light red 

cluster with 6 authors each represent the significant and impactful author collaboration 

network. Purple,  green, yellow, and aquamarine represent 4, 3, 3, and 3 authors respectively. 

The other 4 clusters represent a weak collaboration having two authors each. The network 

represents a scope to improve the collaboration network among the authors. 

 
Figure 2.4 Author's collaboration network 
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The co-citation analysis of the authors is shown in Figure 2.5. Co-citation mapping represents 

the two authors cited simultaneously. 3 clusters are shown that are widely co-cited. This 

represents the intellectual contribution made by the authors to the research domain. The size of 

the circle represents the higher number of times the author is co-cited. 

 
Figure 2.5 Co-citation network of the authors 

C. Influential organizations 

From both databases, the top 10 organizations are listed in Table 2.7 for the institute-wise 

analysis. Donghua university with 29 publications and the University of Twente with 26 

publications from Scopus and WoS database are the foremost in the domain. Other institutions 

that are common to both databases are Tsinghua University, University of Twente, University 

of Sheffield, University of Southampton, and Swiss Federal Laboratories. 

Table 2.7 Top 10 most influential organizations 

Scopus  WoS 

Affiliations NP  Affiliations NP 

Donghua University 29  University of Twente 26 

Tsinghua University 27  China University Min and 

Technology 

15 

University Of Twente 26  University Haute Alsace 14 

University Of Sheffield 21  University of Sheffield 12 

Southwest Jiaotong University 19  University of Lyon 11 

Tohoku University 17  Swiss Federal Laboratories for 

Materials Science and Technology 

10 

University Of Southampton 16  University of Southampton 10 
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Lanzhou Institute of Chemical 

Physics 

15  Swiss Fed Labs Mat Testing and 

Research 

8 

Swiss Federal Laboratories for 

Materials Science and 

Technology 

15  Tsinghua University 8 

The organization plays a vital role in terms of collaboration based on available research 

facilities, flexibility in operation, and a degree of openness. The affiliation and collaboration 

network shown in Figure 2.6 represents the collaboration network amongst the most influential 

organizations working in the domain of human skin tribology. The red cluster with 5 

organizations represents the heaviest and most influential collaboration among the 

organizations. The Blue  and green cluster represents 7 and 5 organizations respectively.  

Purple, brown, pink, and yellow clusters represent the binary collaboration between the 

organizations. 

 
Figure 2.6 Collaboration network for most influential affiliations 

D. Most preferred journal 

This section discusses the journals from both databases that have widely been preferred by the 

authors to document and publish their contribution to the discipline. The top 10 journals have 

been ranked as per the total citation separately by both the databases as shown in Table 2.8.  

In both the databases Tribology International is at the top with 81 and 32 publications from 

Scopus and WoS respectively. In Scopus, it is followed by Wear (51), Tribology Letters (44), 
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Proceedings of the Institution of Mechanical Engineers, Part J: Journal of Engineering 

Tribology (24), Journal of the Mechanical Behaviour of Biomedical Materials (22), and  

Surface and Coatings Technology (19). Journals listed between 7 to 10 in terms of a number 

of publications have total citations of more than 250, increasing the credibility of journals for 

referencing purposes. 

In WoS, Tribology letters report the highest citation number of 875, followed by Tribology 

International (642), Wear (358), Journal of the Royal Society Interface (344), Skin Research 

and Technology (269), and Journal of the Mechanical Behaviour of Biomedical Materials 

(119).  

Table 2.8 Top 10 most preferred journal 

E. Country-wise analysis 

Country-wise total citation data is shown in Table 2.9 from the extracted data and sorted based 

on total citations. In Scopus, the United states of America (USA) reports the highest TC of 

Scopus    WoS  

Source NP  TC  Source NP TC 

Tribology International 81  1646  Tribology International 32 642 

Wear 51  1591  Tribology Letters 25 875 

Tribology Letters 44 

 

1395 

 Proceedings of the 

Institution of Mechanical 

Engineers Part J-Journal of 

Engineering Tribology 

13 170 

Proceedings of the 

Institution of Mechanical 

Engineers, Part J: Journal 

of Engineering Tribology 

24 

 

339 

 

Wear 10 358 

Journal of the 

Mechanical behaviour of 

Biomedical Materials 

22 

 

300 

 
Skin Research and 

Technology 
6 269 

Surface and Coatings 

Technology 
19 

 

571 

 Journal of the Mechanical 

behaviour of Biomedical 

Materials 

6 119 

Textile Research Journal 19 
 

362 
 Journal of the Royal 

Society Interface 
5 344 

Journal Of Fluid 

Mechanics 
17 

 
554 

 IEE Transactions on 

Haptics 
4 28 

ACS Applied Materials 

and Interfaces 
15 

 
421 

 
Scientific Reports 4 164 

Langmuir 14  256  Sensors 4 36 

NP-Number of publications,  TC- Total citation 
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4519 and average article citation (AAC) of 36.74, followed by  China (2467), the United 

Kingdom (UK) (2012), France (1844), and so on. Italy reports TC of 390 against AAC of 16.25. 

In WoS, Switzerland tops the list with 803 total citations, which is less than the top 6 countries 

in the listing of the Scopus database. Switzerland reports the highest AAC value of 57.4 

toppings the list is sorted based on total citations. It is followed by the UK (687), USA (475), 

Netherlands (432), China (417), and so on.  

Figure 2.7 depicts the total citation (TC) on the (left y-axis) vs country data and average article 

citation (right y-axis) vs country. Belgium has the highest proportionate average citations per 

article. 

Table 2.9 Top 5 Country wise total citation data 

Scopus   WoS 

Country TC AAC  Country TC AAC 

USA 4519 36.74  Switzerland 803 57.4 

China 2467 11.53  UK 687 40.4 

UK 2012 26.47  USA 475 18.3 

France 1844 29.74  Netherlands 432 24 

Switzerland 908 41.27  China 417 10.7 
 

 

Figure 2.7 Total citation and average article citation  per country as per WoS database 
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F. Most influential articles 

A ranking of the most influential and highly referred articles is shown in Table 2.10 sorted by 

TGC and TLC. The top 3 articles in TC ranking  [61], [62], and [63] are common to both TGC 

and TLC rankings. Other highly influential and cited articles in the domain of human skin 

tribology are [64], [36], [65], [47], [66] and [33]. 

Table 2.10  Ranking of top 20 articles sorted by TGC and TLC 

Rank 
Sorted based on TGC  Sorted based TLC 

Article TGC  Article TLC 

1 [61] 247 [61] 61 

2 [62] 202 [63] 44 

3 [63] 155 [36] 39 

4 [64] 140 [62] 35 

5 [36] 108 [65] 31 

6 [65] 100 [47] 29 

7 [67] 88 [67] 24 

8 [68] 88 [66] 23 

9 [47] 87 [69] 17 

10 [21] 71 [33] 15 

11 [66] 65 [70] 15 

12 [71] 65 [72] 13 

13 [69] 63 [73] 13 

14 [74] 61 [75] 11 

15 [76] 61 [21] 10 

16 [9] 53 [77] 10 

17 [78] 53 [79] 9 

18 [80] 52 [81] 9 

19 [82] 51 [83] 9 

20 [84] 45 [9] 8 

G. World collaboration network  

The world collaboration network highlights the intensity and volume of the collaboration 

between countries all around the world. Table 2.11 compiles the top 10 collaborating countries 

from Scopus and WoS databases. In Scopus maximum number of collaborations is of China 

with the United Kingdom (14) and the USA (12). Followed by USA-France (12), France- 

Switzerland (11), France-Italy (10), and so on. While WoS database highlights the 

collaboration network of China-Netherlands (3), China-United Kingdom (2), China-USA (2), 

and so on. China tops the list in both databases for collaborative publications in the domain of 

human skin friction. Figure 2.8 shows the worldwide collaborative network for the WoS 

database. 
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Table 2.11 World collaboration network 

Scopus  WoS 

From To F  From To F 

China 
United 

Kingdom 
14  China Netherlands 3 

China USA 12  China 
United 

Kingdom 
2 

USA France 12  China USA 2 

France Switzerland 11  France Italy 2 

France Italy 10  France Sweden 2 

China Netherlands 9  Netherlands Poland 2 

United 

Kingdom 
Germany 8  Netherlands 

United 

Kingdom 
2 

United 

Kingdom 
Netherlands 8  Switzerland France 2 

China Hong Kong 7  United Kingdom South Africa 2 

United 

Kingdom 
Italy 7  USA 

United 

Kingdom 
2 

China Canada 6  Belgium Canada 1 

Japan Germany 6  China Japan 1 

China Japan 5  China Singapore 1 

Pakistan Saudi Arabia 5  China Spain 1 

Portugal Brazil 5  China Switzerland 1 

United 

Kingdom 
Australia 5  France Belgium 1 

United 

Kingdom 
South Africa 5  France Canada 1 

USA Canada 5  Germany Italy 1 

USA Germany 5  Germany Spain 1 

USA Japan 5  Ireland Serbia 1 

China Italy 4  Italy Ireland 1 

China Singapore 4  Italy Serbia 1 

Netherlands Belgium 4  Netherlands Spain 1 

Netherlands Poland 4  South Africa Poland 1 

Romania Iraq 4  Sweden Finland 1 

Romania Malaysia 4  Switzerland Germany 1 

United 

Kingdom 
Singapore 4  Switzerland Sweden 1 

USA Sweden 4  Turkey Belgium 1 

China Australia 3  United Kingdom Germany 1 

China Belgium 3  United Kingdom Japan 1 
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Figure 2.8 World collaboration network 

H. Three-field plot 

An interconnection between countries (left), author (center), and popular keywords (right) in 

the domain of human skin tribology is shown in Figure 2.9 depicting a three-field plot.  

Switzerland and China top the list in terms of publications. Followed by Netherlands, France, 

and United Kingdom. It is worth noticing that combined European region countries working in 

the domain. Derler S., Van der heide E., Zeng X., and Rutland, M.W are highly cited authors. 

The right of the three-field plot shows the most popular keywords in the literature, Friction, skin 

tribology, tactile perception, bio tribology, and skin friction to name a few. 

 

Figure 2.9 Three field plot 
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2.3 Scoping Review through the Preferred Reporting Items for Systematic Reviews 

and Meta-analyses (PRISMA) Technique  

The bibliometric study reported in the previous section presented the descriptive analysis in 

the field of human skin tribology. Further, the dataset of the bibliometric analysis was narrowed 

down through a scoping review incorporating the in-vivo experimental investigations. 

Scoping review is performed by making use of preferred reporting items for systematic 

reviews and meta-analyses (PRISMA) technique as shown in Figure 2.10. 

(a) Declaration of the research question 

In-vivo experimental studies are available for assessing the frictional behaviour of human skin: 

both quantitative and qualitative evaluation. 

(b) Search for literature 

A literature search was conducted across two widely popular databases namely Scopus and 

web of science with different keywords like finger friction, skin tribology, tactile, haptics, 

texture, fingertip, and finger pad. Then inclusion criteria were adopted for relevant articles 

related to the research question. 

(c) Criteria for inclusion of literature 

All the attributes affecting human skin friction are included. Criteria may be as listed: 

• Articles post the year 2000. 

• In-vivo experimental techniques related to human skin friction only. 

• Articles available in English language only. 

(d) Information extraction and analysis. 

• Included studies are chronologically arranged in a tabular format and divided into four 

different anatomical regions. Tabular data chronologically presents the crux of included 

studies highlighting: 

• Year of publication. 

• Subject attributes (age & gender). 

• Equipment used. 

• Variation of coefficient of friction (COF) with the parameters considered in the study. 

• Contacting material. 

• Key findings. 

(e) Selection of experimental research for further classification   
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An extensive literature survey comprises of bibliometric study and its analysis with a 

scoping review to sort out the in-vivo experimental studies. The studies are classified into four 

anatomical regions as discussed in the later part of this section. The studies conducted from 

2000 to 2020  are arranged in chronological order and discussed highlighting the aim, 

experimental techniques, counter surface material, tools, and conclusions drawn among 

researchers and scientists. 

 

Figure 2.10 PRISMA flow diagram for the scoping review 

Researchers have used different methods for the determination of skins tribological or 

mechanical properties such as indentation test [10], [24], [85], [86], friction test [14], [19], [22], 

[41], [46], [61], [62], [87], [88] and acoustic emission test [32]. An experimental study involves 

two components: (i) experimental setup and (ii) post-processing analysis of test results. Sample 

preparation, friction measurement, and data acquisition constitute the part of experimental 

design. Similarly, the interdisciplinary nature of the current research for the post-processing of 

test results needs multi-domain expertise ranging from material characterization to 

dermatology, statistics, and tribology. Human skin frictional study involves two materials one 

being human skin and counter material.   

In-vivo experimental studies are classified as fingertip, finger pad, forearm, and other regions 

based on the anatomical region after scoping literature survey as shown in Figure 2.11. Since 

maximum researchers have opted for fingertip and finger pad as the anatomical sites of 
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experimental investigations having a share of 22% and 36% respectively. Therefore, the finger 

pad is taken as the site of experimental investigation for the current work. Figure 2.12 is drawn 

to highlight the permutations of various materials taken as test samples along with the 

anatomical region in the experimental investigations reported between the year 2000-2020. In 

vivo, experimental studies classified in four anatomical regions are discussed in the following 

subsections. 

 
Figure 2.11 Popular anatomical regions for experimental investigation of human skin 

friction  

 

Figure 2.12 Permutation of human skin frictional study with various material 

Fingertip, 

22%

Fingerpad, 

36%

Forearm, 

32%

Other 

regions, 10%
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2.3.1 Fingertip 

A range of literature is found exploring the fingertip as the site for human skin friction measurements. 

Fingertip being one of the most common interactions of human touch is widely popular among 

researchers. Versatility in the experimental setup and the simplicity of procedures is another reason 

that makes fingertip popular for human skin friction measurement studies as listed in Table 2.12.   

A design of a test rig is proposed [89] to investigate the coefficient of friction (COF) while sliding 

the soft fabrics with human skin making use of the strain gauges arranged in x and y directions to 

measure the corresponding normal load and shear force.  

Friction for the untreated dry finger with a reference textile attached through a transducer was 

investigated in  [63]. The further study simulates the frictional phenomenon of textile and the artificial 

skin model.  

Effect of normal load investigated in  [90], the finger friction test rig proposed that the frictional 

force is linearly proportional to the applied normal force tested with 12 materials including metals, 

elastomers, and plastics. For a smooth surface at a normal load greater than 1N, frictional and 

normal forces are linearly correlated. The roughness of the finger plays a vital role when in contact 

with relatively low surface roughness value material. 

Tribological attributes of human skin are investigated [81] and its effect on the tactile characteristics 

of polymer fabrics is reported by sliding a fingertip over the samples stuck to the polyethylene plate 

which is attached to a dynamometer. The study states that the swipe of a human finger over the three-

axis dynamometer is effective for the COF measurements of fabric polymers with human skin. The 

study highlighted that tactile assessment was not well co-related to the COF.  

Fingertip friction measurements were performed in conjunction with the manipulation tasks to study 

the combined effect of moisture and static COF [91]. Normal force and the shear forces were 

measured through an attached force transducer on the specially designed test setup. At high levels of 

skin moisture, COF is inversely proportional to the normal force.  

Finger frictional measurements were measured through a combination of a piezoelectric force sensor 

and a charged amplifier for the amplification of the signal data [31]. Surface roughness and finger 

friction show an inverse relation.  

Tribo touch setup was developed in [92] for the evaluation of frictional characteristics of wood 

replicas made of vinyl and polyurethane. Measurements were performed by sliding the fingers over 

the plate of the test setup composed of two tri-axial force sensors.  
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Static COF was measured in  [93] with a setup very similar to that used in [91]. The only modification 

is the absence of a linear translating mechanism. The six-axis force and torque sensor measure the 

normal force and tangential force at the onset of slipping.  

Tactile perception evoked by friction and vibration is investigated for various surface textures [94]. 

Surface recognition was performed by attaching the fabric and paper samples to the three-axis force 

sensor monitoring unit. The study reported the lower value of COF for the increasing value of the 

surface texture dimensions. 

Finger friction measurements were performed for the stimulation generated due to the lateral 

vibrations [95]. Greater friction forces are perceived when vibrating in comparison to that of the 

stationery state of sliding of the finger.  

A tactile discrimination study in [45] performed over by sliding fingers on the abrasive sheets with 

different grades reported that friction forces are highly affected by the surface topography and the 

edge effects of the samples used. 

An electro adhesive technique is incorporated to control the friction force of the sliding fingertips. The 

developed device is capable of capturing the friction forces up to 6 kHz of frequency. Furthur the 

device's capability is demonstrated by the measurement of skin vibrations through a laser doppler 

vibrometer (LDV) [96].   

Sliding contact of finger friction is studied with surfaces having different morphologies using high-

speed cameras and the force measurement units [97] as shown in Figure 2.13. 

 

Figure 2.13 (A) Measurement system, side view (B) Isometric view of the two-axis force 

sensor. (C) Frontal view of the force measurement device with force decomposition [97]. 
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Table 2.12 Experimental studies of fingertip human skin  friction 

Y No. of 

subjects 

{Age} 

Equipment Variation with 

COF 

Interacting 

Surface 

Highlight Ref 

2005 1 M 

{23} 

In-house 

developed test 

rig measuring 

force with 

mounted strain 

gauges. 

µ with a finger: 

PC>Rubber 

>Steel>PE>Glass

>Paper 

Rubber, 

Thermoplas

tic 

elastomer, 

PE, steel, 

PC, glass, 

paper 

 

The study 

has further 

investigated 

µ with steel 

and rubber 

ball 

[89] 

2007 6 F 

6 M 

{24-61} 

Quartz 3 axis 

dynamometer, 

Corneometer 

NL   µ 

SH:  µ 

Wool fabric 7 ASM 

frictional 

test was 

also 

performed 

[63] 

2009 1 The finger 

friction rig 

consists of two 

load cells, 

Moist sense. 

Friction force for 

plastics (except 

acetal) and metal 

showed linear 

variation with 

normal force. 

Al, SS, 

Brass, 

Nylon, 

HDPE, 

Acetal, PP, 

PVC, 

Elastomers 

(4). 

 [90] 

2009 1 M 3- axis 

dynamometer 

µperpendicular 

>µparallel 

 

Polymer 

fabrics 

(14) 

The amount 

of radially 

outward 

fabric has a 

high 

correlation 

to µ 

[81] 

2009 5 F 

5 M 

{20-53} 

Linear 

translation 

stage, 2 force 

sensors, 

 NL:  µstatic  Presents 

combined 

effects of 

NL and 

Moisture on 

 µstatic 

[91] 

2016 10 F 

8 M 

 

Profilometer, 

Tribo Touch 

Setup, 

NappOmatic, 

µ : 

Wood 

replica>PUR 

Wood 

replica 

(vinyl), 

PUR 

No effect of 

material on 

µ 

[92] 
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Table 2.12  (continued...)   

2016 3 F 

9 M 

{18-60} 

Manipulandum 

with two six-

axis force and 

torque sensors, 

Corneometer 

 NL :  µstatic Polyimide 

film 

The method 

proposed to 

measure 

static µ for 

fingertip-

object 

contact 

[93] 

2017 20 EEG sensing 

cap for tactile 

perception, 

UMT-2 

Tribometer 

Tactile perception 

is sensitive to 

fabric textures. 

 

ERP analysis 

methods are 

useful for 

studying the 

brain’s response 

to skin friction. 

Fabric (3), 

Paper (3) 

µ and 

frictional 

vibration 

signals were 

measured 

[94] 

2011 10 F 

15 M 

{22-29} 

Test rig 

developed 

consisting of 3 

component 

piezoelectric 

force sensor. 

 NL:  µ 

Ra:  µ 

P.C.:  µ 

Paper 8 Different 

grades of 

paper with 

different Ra 

 

[31] 

2017  3 axis force 

sensors 

 friction: 

Vibration > 

sliding 

Plastics Vibrotactile 

stimuli 

[95] 

2018 11 F 

12 M 

{>18} 

3- axis force 

transducer 

Grit size of 

texture sample:  

 ability to 

differentiate the 

samples. 

Edge effects were 

reported for 

friction 

measurements. 

Abrasive 

paper 

Tactile 

discriminati

on of 

textures 

[45] 

2018 15 F 

20 M 

{20-30} 

An in-house 

developed setup 

consisting of a 

3 d force 

sensor, 

accelerometer, 

and DAQ 

 

 Oscillations in 

friction force 

lower sliding 

speed on the 

finger pad. 

Vibration mag: 

Fingertip > Finger 

pad 

Sandpaper 

(#600, 

#800) 

Correlation 

between 

tactile 

perception 

and 

tribological 

properties 

for the 

human 

finger 

[30] 
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Table 2.12 (continued...)   

2018 1 Rotational 

tribometer, 

LDV sensor, 

MEMS 

Microphone, 

vibrometer 

The velocity of 

fingertip vibration 

was measured 

through a laser. 

PTFE Electro 

adhesive 

approach 

developed 

to control 

friction on 

sliding 

fingertips 

modeling 

air gap as a 

parallel 

plate 

capacitor. 

[96] 

2018 2 M 

{29, 35} 

Piezoelectric 

transducers, 

High-speed 

camera, 

Friction force 

varied with relief 

of contact surface. 

AL 6061 Contributio

n of contact 

geometry 

and 

mechanics 

in friction 

force 

prediction 

[97] 

AL- Aluminium  

ASM-  Artificial 

skin material 

DAQ- Data 

acquisition 

EEG- 

Electroencephalog

ram  

ERP- Event 

related potential  

HDPE-  High 

Density  

 

 

 

LDV-Laser Doppler vibrometer 

MEMS- Microelectromechanical 

system NL- Normal Load 

Poly Ethylene 

PC- Polycarbonate 

PE- Polyethylene 

PP- Polypropylene  

PTFE- Polytetrafluoroethylene 

PUR- Polyurethane 

PVC-Polyvinylchloride 

P.C.- Perceived Coarseness 

Ra- Surface Roughness  

SH- Skin Hydration  

SS- Stainless steel 

 

#- Number  

µ-COF 

µ-COF 

 

2.3.2 Finger pad 

Various studies have opted for the finger pad region for investigating the tribological properties 

of skin for tactile perception, texture discrimination, electro adhesions, human haptics, and 

human gripping. Studies having finger pad as site the of tribological investigation are tabulated 

in Table 2.13 in chronological order listing the setup, counter-surface material, variation with 

COF if reported, and the highlights of the study. Tribological investigations to determine the 
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variables influencing human skin friction used a portable device on multiple anatomical regions 

including finger pad [19]. The in-house developed device had the axis of rotation perpendicular 

to the skin and the application of normal load was controlled through the spring-based 

mechanism in the range of  0.5 N to 2 N. Velocity is controlled in steps of 1, 2, 5, or 10 mm/sec. 

COF was reported to significantly increase with age, ambient temperature, and relative 

humidity when the friction of human skin was tested with the aluminum sample. 

A test rig to measure finger friction is developed and tests are performed over the bare finger 

and donned over gloves of two materials [98]. In the reciprocating motion, the study reported 

the use of water, increases the COF while the same amount of oil decreases the COF. 

Frictional behaviour of human skin with a glass having different roughness was investigated 

with skin contact area measurements using pressure-sensitive films. Adhesion was found to be 

a predominant contributor to frictional force in the experimental investigations. Viscoelastic 

deformations of human skin played a relatively small role in the friction value [36]. 

Primitive test setup in [26] consists of the three-axis load cell for the measurement of normal 

and the frictional forces reported that the deformation component of skin at the micro scale has 

a significant role in total frictional force as per equation 2.2. Conclusions drawn were validated 

both for the dry and the wet state of skin, where skin softening takes place.  

1 1
( ) ( )

3 3. . .adh defC N C N
−

+      2.2 

An attempt to study the relationship between surface texture and tactile friction reported a 

decrease in COF with increasing normal load [33]. Further, an influence of elastic behaviour 

of the uppermost skin layer was reported to affect the surface texture and COF when the effect 

of the former over the latter was investigated. 

Stick-slip behaviour was investigated for finger sliding over the smooth glass in a wet state as 

a function of normal load and sliding velocity [28]. COF values reported during stick-slip were 

reported to be 30% lower than those for stationary sliding. All the measurements were 

performed by sliding over the finger on the smooth glass plate attached to the 3- component 

dynamometer. 

A distinctive study on the frictional interaction of the topography between samples consisting 

of glass, plastic, and fabric was performed through a specially designed test rig [44]. The 

measurement setup consisted of two load cells arranged to measure normal load and the 
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tangential force to determine the COF at the finger pad and test sample interface. The results 

showed significant different in variance for the COF of the different sample surfaces tested. 

The effect of roughness on vibration generated on the human finger during a friction test was 

investigated through a haptic tribometer [99]. The device consists of an accelerometer, normal 

force sensor, and a displacement system to measure vibrations generated due to rubbing of the 

finger pad, applied normal load, and moving the sample surface in translatory motion 

respectively. The study reported the combined effect of skin deformation and vibration can be 

used to determine their physical environment through the sense of touch. 

Variations in the pressure distribution and its influence on the friction of the finger pad are 

attempted by sliding a human finger over the pressure-sensitive films attached to the force plate 

[100]. The pressure-sensitive film had a defined arithmetic average surface height of 0.91 ± 

0.24 µm. The study reported a decrease in COF  with an increase in the skin contact pressure 

that aligned with the adhesion model of friction. The distributions of the pressure during 

friction measurement were attributed to the low forces at the rounded profiles.  

Friction and abrasion of the finger pad were investigated with abrasive papers using a tri-axial 

force plate [101]. The study reported that the number and volume of particles abraded varied 

with the grit size of abrasive papers but showed very comparable COF values. Ploughing 

phenomenon is of importance when considering friction mechanisms of the skin and abrasive 

papers. 

Braille print is an efficient technique for persons dependent on the sense of touch for the source 

of communication. A study presents the influence of patterns and skin behaviour on COF  

[102]. Dot features of varying heights embossed over the paper samples were used to swipe the 

finger. A piezoelectric three-force dynamometer was used to measure normal and tangential 

forces. The study reported that the macroscale surface features contribute very nominal to the 

overall friction that arises from the adhesion mechanisms. The magnitude of the hysteretic 

deformation of the soft finger pad was dominant and thereby governed the overall mechanism. 

An investigation aimed to develop a correlation between human finger perception and finger 

friction attributes are attempted in [29]. A specially designed tactile stimulator was mounted 

over the tribometer, and subjects were instructed to slide their finger over the plate maintaining 

a normal load of 0.5 N. Two friction conditions were obtained through vibration at two separate 

amplitudes. The study concluded that better friction discrimination could be made at lower 

values of sliding velocity.  
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A dermatological study aimed at measuring the friction of the index finger pad sliding over the 

artificial skin materials after the application of cream and lotion through a force board consists 

a horizontal and vertical load cells [103]. The study reported an increase in the COF values for 

hydrated skin due to an increased contact area between the bare skin and the skin model.  

A laser-treated, stamped and cold-rolled micro-structured stainless steel sheet is used for 

investigation of its friction and tactile characteristics when a finger pad is slid over it [25]. For 

finger friction measurements a multi-axis force transducer is used that measures the normal 

load and tangential force with a resolution of 25 mN and 12.5 mN respectively. The study 

concluded that tactile friction is inversely proportional to the comfort perception obtained as 

part of subjective perception investigation.  

Finger pad friction for the medical gloves is investigated through a setup consisting of a force 

plate and speaker attached to it for vibration generation [104]. Finger sliding experiments 

reported increased friction in dry and reduced friction in wet conditions. Results showed the 

perception of the vibrational frequency decreased while the gloves were donned.  

Slipperiness and roughness perception as an effect of topography and friction are investigated 

[105]. Drawn conclusions highlight that for spatial distances below 100 µm, slipperiness is 

more dominant than the roughness of the surface. Differences in the friction force between 

participants are approximately equal to the differences measured between the different 

surfaces. 

The study is conducted to develop a contact mechanics model and validated through the 

experimental data in [106]. A 10 N transducer was used to measure the loading behaviour and 

a glass plate as a support fixture was attached to the transducer. Gross area (Ag) and ridge 

contact area (Ar) as a function of load (W) as shown in equation 2.3 and 2.4 respectively is 

developed and is experimentally validated.  

2

3

1
gg

W
A k

W

 
=  

+ 
     2.3 

5
6

1
3(1 )

rr

W
A k

W

 
 =
 + 

     2.4 

Where, 



Literature Review 

36 

 

𝑘𝑔  ̂, 𝑘�̂� being the load coefficient for finger pad gross contact area and load 

coefficient for fingerprint ridge contact area.  , is the load coefficient for the secant modulus. 

An experimental study aimed to investigate the contact area between the finger pad and the flat 

surface is reported in [107]. Three popular methods are used for measuring the static and 

dynamic contact areas namely ink printing, optical coherence tomography (OCT), and digital 

image correlation (DIC). The setup consisted of a force plate attached to the linear reciprocating 

stage, a low coherence light source along with a fibre -coupler. Out of the three mentioned 

techniques, OCT is concluded to be the most effective method for micro- scale analysis for an 

improved understanding of the human skin friction phenomenon.  

An experimental investigation aimed at identifying the factors that potentially affect the ability 

to discriminate the textured surfaces in [35] reported that the mean spacing of the profile peaks 

for the tested surfaces should have significant differences. It further classified that the 

differences in the average roughness measures and individual discrimination ability for textures 

are not correlated. 

Gross and real imaging for the contacts under dynamic loading are examined in [108]. The 

study intended to develop an instrument to investigate finger contacts for tangential dynamic 

loading. The setup consists of a tribometer coupled with a high-speed imaging apparatus. 

Traction is reported to decrease at a higher rate in dry fingers in comparison to lubricated 

fingers. 

A study was performed to determine the influence of age and gender on the biophysical 

properties of the human finger to evaluate touch comprehension by evaluating the adhesive 

force at the contact interface [40]. Adhesive forces are responsible for the increase or decrease 

in the contact area. Thus, affecting the tactile properties at the interface. Conclusions drawn 

reflect the positive correlation between age and the mean of surface roughness for men and an 

inverse relation for women. Tactile perception decreases with increasing age across test 

subjects irrespective of gender. 

 A frictional study aimed to compare the tactile perception between the real and the virtual 

textile fabrics is performed in [109]. The finger friction study highlighted the good rendering 

of virtual to the real fabric. Although the conclusions were made about finger-induced 

vibrations for the efficient discrimination of the textures for the two fabrics.  
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Mechanism to highlight the effect of sliding velocities that affect tactile perception by 

investigating the tribological properties of the finger pad is proposed in [30]. Parametric 

investigation of each parameter namely velocity, roughness, and the contact area are 

performed. An increase in sliding velocity shows an increase in vibration and a pronounced 

stick-slip phenomenon is observed at lower sliding velocities. 

The impact of biophysical properties of fingers is investigated for the determination of aging 

and gender effects on tactile perception [88]. An accelerometer glued over the finger captured 

the vibrations and the two strain gauges attached below the surface measured the applied 

normal and tangential forces. The study demonstrated surface topography as a vital physical 

aspect of tactile perception. The better capability of tactile perception is attributed to female 

subjects.  

A study to understand the contact mechanics between the human finger and touch screen under 

electro adhesion is investigated in [110]. The friction measurements are conducted through a 

tribometer consisting of a motor to translate at desired velocity and a force sensor as a support 

to the touchscreen. All the experiments were conducted in the range of 0.1 to 0.9 N normal 

loads and 50 mm/ sec of sliding speed. A study reported that electro adhesion causes an increase 

in the contact area leading to higher tangential forces. 

In the purview of age and gender, tactile perception and touch anisotropy are investigated 

through finger size and real contact area [111]. The test setup consisted of a normal force sensor 

and fingerprint sensor coupled with an indentation system. Contact area as a function of the 

force applied is obtained. Size and real contact are considered important attributes to define the 

density of the mechanoreceptors available. The study concluded that the finger size and the 

real contact area carry vital importance in the determination of tactile perception. Further, better 

tactile perception is reported in the lateral direction of the finger movement.  

A finger friction study was conducted with textured polymeric substances prepared through 3-

D micro fabrication techniques in [34]. Investigations aimed to study the grip effect of two 

polymeric materials through the tribological tests were conducted by sliding finger pad on the 

specially fabricated counter materials with varied textures. The setup consisted of a force plate 

over which the materials were mounted and a normal load of up to 10 N is applied at a sliding 

speed of 60 ± 10 mm/sec. 

An experimental investigation was conducted to determine the relationship between the 

roughness and physical parameters such as skin vibration, COF, and particle size [112].  A 
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wearable skin sensor was mounted over the finger that was sliding over the plate attached to 

the 6-axis force sensor. The sensor measured the vibrations generated through the skin while 

the force plate measured the external forces. Although no approximations could be made to 

establish an estimation model but highlighted the differences in the roughness ratings.  

Finger pad friction measurements were conducted to develop the empirical approach for the 

determination of skin elasticity [27]. Different rubber textured specimens were taken as a 

counter surface over which a finger pad slid up to a normal load of 5 N for measuring dynamic 

COF and a combined analytical and numerical contact model is presented. The normal load is 

applied using the static weights and force is calculated through the mounted transducer. The 

range of normal load was 0.1 N to 5 N. The developed method is limited to the dry state contacts 

and textures having lateral distributions that have relatively small heights compared to stratum 

corneum. Figure 2.14 illustrates the experimental setup used for the study. 

 

Figure 2.14 Friction measurement device [27] 

The effect of material hardness on friction is studied between the finger and artificial skin 

[113]. The test setup consists of a normal force sensor and a single shear force sensor. Artificial 

skins with 7 different hardness values were used. All artificial skins were 5 mm thick and had 

constant roughness values. The study reported, for dry conditions when the skin model was 

harder than a bare finger, COF was independent of the normal load, and when artificial skin is 

softer than the finger COF decreased with increasing normal load. Under lubricated conditions, 

COF depended on normal load for softer artificial skin, and COF because of the deformation 

friction increases with increasing normal load for the harder (in comparison to bare skin) 

artificial skin.  
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Frictional behaviour of the human finger pad at the phalange region is evaluated for the 

gripping task in [114]. Experiments were performed on the reciprocating sliding contact using 

a UMT 2 tribometer equipped with a load sensor with a measuring range of up to 20 N, applied 

normal load ranging between 1 N to 2 N, and a sliding speed of 1mm/ sec was taken. Distal 

phalanges reported the highest elasticity, and there was a larger application of grip force. 

Irrespective of gender, aged persons need to apply twice the force as required for the young 

person. Stiffness of the finger influences the manipulating tasks and the fit of the grip. The 

gripping force is reported to be different for both hands (left or right).  

Table 2.13 Experimental studies of fingerpad human skin  friction 

Y No. of 

subjects 

{Age} 

Equipment Variation with 

COF 

Interacting 

Surface 

 

Highlight Ref 

2007 
1 M 

{23} 

The test rig 

contained 

two load cells 

Dry: 

µkh >µlx>µfinger 

Water: 

almost equal 

Oil: 

least for latex 

Nitrile 

rubber 

Kitchen 

Glove, LX 

Human torque 

calculations 

are presented 

for gripping of 

bottle 

[98] 

2008 

2 F 

2 M 

{23-45} 

Custom-built 

Dynamomete

r 

Adhesion 

predominated 

resulting in µ. 

Deformation had 

very little effect 

on µ. 

 

The pressure-

sensitive film, 

Normal load, 

Glass, 

Function of 

contact 

pressure 

[36] 

2011 1 M Load cell 
µ varies with NL 

Roughness: µ 
SS Tactile friction [26] 

2012 
1 M 

{35} 

Skin Micro-

Tribometer 

model UMT 

NL:µ 
Metal, 

Thermoplas

tic PUR 

Surface 

texture, Tactile 

friction 

[33] 

2013 
1 M 

{49} 

Quartz 3 

component 

dynamometer 

NF:µ 

SV:µ 

Wet/ 

smooth 

glass 

Stick-slip 

phenomena 
[28] 

2013 
1 M 

{24} 

In-home 

developed 

test 

equipment 

containing 

two load cells 

equipped 

with DAQ 

Two parameters- 

finger friction 

level and variance 

in friction 

described for 

discrimination of 

surface texture 

Linen, 

canvas, 

felt, silk, 

velvet, 

cotton, 

plastic 

Linear 

regression 

analysis of the 

relationship 

performed 

normal load 

and µ 

[44] 
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Table 2.13 (continued...) 

2013 

34 M 

16 F 

{Median 

28} 

Revolt ST 

mobile 

device 

Age: µ 

Temp:µ 

RH:µ 

Height:µ 

Hair:µ 

Al 6060 

Correlation has 

been made 

with variables 

influencing 

human skin 

frictional 

behaviour 

[19] 

2013 
1 M 

 

Haptic 

tribometer, 

acceleromete

r 

Roughness 

transferred to 

fingerprint is 

relevant to tactile 

perception 

Abrasive 

papers 

Vibrations in 

skin due to 

roughness 

[99] 

2013 

 

2 F 

1 M 

{-} 

 

Force plate 

The effect of 

Pressure 

distribution on µ 

is analyzed. 

Smooth 

pressure-

sensitive 

film 

COF of finger 

pad is 

investigated 

[100] 

2015 
1 M 

{25} 

Tri-axial 

force plate 

Kistler type 

9254 

Micro 

stretches on 

epidermis 

observed. 

Skin particles 

abraded on 

abrasive 

paper. 

Glass, 

abrasive 

papers 

Friction 

mechanism, 

abrasion 

[101] 

2015 1 M 

Piezo electric 

3 force 

dynamometer 

µ ∅ Presence of 

dot features. 

 NL: µ 

 dot radius:  µ 

 

Braille dots 

of 0.48mm, 

0.75mm, 

and 1.0 mm 

on paper 

Influence of 

cell patterns 
[102] 

2016 20 

Ultrasonic 

tactile 

simulator, 

tactile 

tribometer 

 SV:  FC 

 

𝐹𝐶 = 1 −
µ1

µ0
 

The surface 

of the tactile 

simulator 

Analysis of 

friction b/w 

index finger 

and surface of 

stimulator 

[29] 
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Table 2.13 (continued...) 

2016 1 
Force Board, 

OCT 

For hydrated skin: 

 Contact Area: 

µ 

 

Full film 

Lubrication: 

Contact area ∅ µ 

Model skin 

substrate 

(Vitro-skin) 

Evaluation of 

moisturizing 

components in 

skin creams for 

effect on 

frictional 

properties. 

[103] 

2017 

8 F 

8 M 

{20-30} 

Corneo     

meter, 

multi-axis 

force/torque 

transducer 

 NL :µ SS (5) 

Textured 

samples 

prepared 

through 

different 

modes 

[25] 

2017 
1 M 

{23} 

Multi-

component 

force plate 

Dry:µ 

Wet:µ 

Latex 

surgical 

glove 

The effect of 

glove use on 

the perception 

of tactile 

vibration is 

explored 

[104] 

2017 6 

Profilometer 

Force Board, 

Corneometer 

Due to 

slipperiness, very 

smooth surfaces 

are perceived to 

be rougher than 

textured surfaces 

PDMS 

Effect of 

topography 

and friction on 

perceived 

roughness 

[105] 

2017 
1 F 

{27} 
UTM 

An elastic model 

providing 

expressions for 

gross and ridge 

contact area 

Glass plate 

µ is 

independent of 

normal force 

due to surface 

roughness. 

[106] 

2017 
1 F 

{25} 

Ink printing, 

OCT, DIC 

The contact area 

is dependent on 

NL. 

Flat Surface 
Measurement 

of contact area 

 

[107] 

2017 
16 F 

10 M 

3- axis 

dynamometer

, 

Profilometer, 

SEM 

µ measured in 

two directions: 

aligned and 

transverse 

Abrasive 

Papers 

Effect of 

friction and 

Surface 

attributes on 

tactile 

discrimination 

of textured 

surface 

[35] 
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Table 2.13  (continued...) 

2017 - 
Custom built 

device 

The developed 

device is capable 

of recording 

finger dynamics 

with imaging 

features. 

Flat glass 

prism 

Finger contact 

under dynamic 

loading 

[108] 

2017 

20 F 

20 M 

{23-64} 

Indentation 

device, 

Air blast 

system, 

Chromatic 

Imaging 

 

Adhesive force: 

Women >Men 

Young’s 

Modulus: 

Women> Men 

Contactless 

indentation 

using wave 

propagation 

technique 

Age and 

gender effects 

on Biophysical 

properties of 

finger 

[40] 

2018 

4 F 

5 M 

{28-57} 

3- Axis load 

cell, 

acceleromete

r 

Brain activation is 

similar for real 

and virtual twill 

fabrics but 

differences with 

velvet 

Twill and 

velvet 

Real and 

virtual textile 

fabrics 

[109] 

2018 

15 F 

20 M 

{20-30} 

In-house 

developed 

setup 

SV: vibration 

acceleration 

Vibration accn: 

Fingertip> finger 

pad 

Sandpaper 

Correlation of 

tactile 

perception and 

tribological 

properties for a 

human finger 

[30] 

2018 

20 F 

20 M 

{23-64} 

Haptic 

tribometer 

Acceleromete

r 

 

Mel frequency 

Cepstral 

Coefficient 

algorithm is an 

efficient tool for 

surface quality 

via vibratory 

signal 

Tissue, 

Paper, 

Plastics 

Impact of 

biophysical 

properties on 

touch gestures 

and tactile 

perception: 

Age and 

gender effects 

[88] 

2018 - 

In house 

setup 

FE-SEM 

Friction depends 

on electrostatic 

attraction. 

Proposed a mean-

field theory to 

analyze the effect 

of electro 

adhesion. 

Touchscree

n layering 

Effect of 

electro 

adhesion on 

sliding friction 

[110] 
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Table 2.13  (continued...) 

2018 
20 F 

20 M 

In-house 

developed 

indentation 

device, 

Fingerprint 

reader 

Tactile 

perception for 

females < 40 

years of age 

 

Anisotropy of 

mechanical 

properties leads to 

the anisotropy of 

TP 

 

Static and 

active tactile 

perception 

[111] 

2019 

12 F 

18 M 

{18-24} 

6 axis force 

sensors, 

wearable skin 

vibration 

sensor 

roughness: 

 skin vibration 

Glass 

particle 

surface, 

Sandpapers 

Glass particles 

had a high 

correlation 

with subjective 

roughness 

[112] 

2019 44 M 

An in-house 

setup 

consisting 

multi-axis 

force sensor 

 Texture: 

Ploughing 

friction 

PLA, 

PDMS 

The effect of 

positive and 

negative 

textures is 

considered 

[34] 

2019 - 

6-axis Mini 

40 

Transducer, 

Corneometer 

825 M 

NL: 

Mean apparent 

pressure, 

 Contact 

area,µ 

Silicon 

rubber 

Effect of 

change in 

contact area on 

frictional 

behaviour. 

[27] 

2020 

 

  1F       

Wet 

  8M 

 

11M - 

Dry 

  {20-29} 

2 axial force 

sensors 

ASM harder than 

finger: 

NL ∅ µ 

ASM Softer than 

finger: 

NL:  µ 

 

Dry and 

lubricated 

ASM 

Investigated 

role of 

Material 

hardness on 

friction 

[113] 

2020 

1 F 

2 M 

{34-67} 

Tribometer 

UMT 2 

Distal phalange 

has the highest 

COF 

SS 

Friction 

behaviour of 

human skin in 

precision task 

[114] 
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ASM- Artificial 

skin material 

Al-  Aluminium 

DAQ- Data 

acquisition 

DIC- Digital 

Image    

Correlation 

FE-SEM- Finite 

element SEM 

FC –Friction 

Constant 

 

LX- Latex Glove 

NF- Normal Force 

NL- Normal Load 

OCT- Optical Coherence 

Tomography 

PDMS- Poly dimethyl siloxane  

PLA- Poly lactic acid 

PUR- Polyurethane 

RH- Relative Humidity 

SS- Stainless steel 

SV- Sliding Velocity 

Temp- Temperature 

UTM- Universal Tribometer 

 

µ-COF 

∅- Does not effect 

 

2.3.3 Forearm 

The forearm is one of the most widely preferred sites for the tribological investigation of the 

human skin because of its accessibility, limited variation in mechanical property, glabrous 

nature, and ease of experimentation. In-vivo experimental investigations that have been 

performed taking the forearm as the frictional test region are further discussed in detail. Studies 

taking the forearm as the site the of tribological investigation are tabulated in Table 2.14 in 

chronological order listing the setup, counter-surface material, variation with COF, and the 

highlight of the investigation. 

A tribological investigation was conducted to assess the feasibility of friction and electrical 

properties of skin that differentiates the chemicals applied to the skin [41]. UMT series 

tribometer was used to perform frictional measurements. The copper probe was pressed 

through 20 g weight moving at a constant velocity of 0.4 mm/sec. No potential differences 

were reported across age, gender, and ethnicity. Glycerine and petrolatum increased COF by a 

similar value. 

An attempt is made to relate the frictional mechanism of human skin with the acoustic attributes 

in [32]. The setup consists of a microphone that measures the acoustic emissions transmitted 

by the stratum corneum. The probe consists of sensitive acoustic sensors and is adjusted for 

speed, distance, and the smaller values of normal load. The study concluded acoustic emissions 

are correlated with the stiffness and surface roughness of the outermost layer of human skin. 

In [61] the study reports the frictional phenomena of human skin for hydrophilic and 

hydrophobic counter surfaces in the dry and wet states. The setup consists of a balance arm 

attached to the fulcrum through a bearing. Tangential force is measured by two flexible strain 

gauges attached to a rigid beam assembly. Normal load up to 4 N is applied through the probe 
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with static weights. Reciprocating motion is provided by the translation stage which moves at 

a constant velocity of 8 mm/sec. Results highlight that the contact area and interfacial shear 

strength between the contact surface highly influence the frictional behaviour of skin in both 

dry and wet states. 

Experimental investigations to evaluate the influence of normal load and sliding velocity on 

the tribological attributes of human skin are reported in [24]. All the measurements were 

performed using a micro tribometer taking a polypropylene probe. Normal load and sliding 

velocity varied from 0.1 to 0.9 N and 0.5 to 4.5 mm/ sec respectively. It is reported that with 

the increase in sliding speed, both COF and stick-slip phenomena increase.  

Static friction tests are performed using a bio tribometer to characterize the human skin's 

mechanical properties [86]. Bio tribometer operates on low contact loads of 0.5 to 2 kPa and a 

normal load of 54 to 100 mN. A steel indenter with a smooth surface finish is chosen to perform 

the experimental over the forearm. Displacements in the vertical (z) direction control the depth 

of indentation. Friction tests performed to study the mechanical properties of skin reported 

young’s modulus and shear modulus as 8.5 ± 1.74 kPa and 3.3 ± 0.8 kPa.  

An in-vivo experimental investigation was performed to examine the influence of epidermal 

hydration on the friction of human skin when tested for textiles [62]. Experiments were 

performed on the forearm with hospital fabric as a counter-surface material. All the friction 

measurements were performed on the tri-axial force plate and the normal load varied from 14.8 

± 1.3 N, whereas the considered sliding velocity taken was 140 mm/sec. Results show that the 

wet COF is twice that of the dry COF. Increased skin hydration increases the COF due to higher 

real contact area and adhesion at the interface. 

A device is developed to investigate the friction between the curved surface and non-woven 

textiles [23]. Curved friction measurement was performed by pulling the material trough a 

cross head of a tensometer having a suspended weight to it. Repeatability for the curved 

measurements is good in comparison with straight friction measurements. The speed of the 

crosshead was set to 150 mm/sec. For the curved measurements, 45º of inclination was taken 

from the vertical plane. Results depicted a good correlation between the static COF for dry and 

overhydrated skin. 

A study was conducted to evaluate the skin-textile friction and elasticity of skin across different 

age groups [21]. Normal load ranged between 11 to 19 N and the sliding velocity was 

maintained at 135 mm/sec to represent a real contact interface. Conclusions were drawn that 
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the deformation component of friction also affects the total friction force along with the 

adhesion component. Low elasticity in the elderly is attributed to tissue displacements due to 

the frictional forces at the interface. 

Friction measurement is performed with low friction textiles to prevent pressure ulcers in 

bedridden patients [87]. Two standard bed sheets and a newly developed bed sheet were taken 

as samples for friction measurement. Samples were attached to the tri-axial force plate and the 

normal load was randomly varied in the range of 0.15 N to 10 N. Velocity varied in the range 

of 50 to 150 mm/ sec. Measurements were performed both for dry and wet conditions. Results 

show approximately 50 % higher friction values for the standard bedsheet over the newly 

developed prototype bedsheet. 

 Aimed at dermatological compositions, a frictional study is reported on the effect of facial 

scrub cleansers of different sizes, amounts, and hardness on human skin [22]. Hardness is 

measured through a hardness tester and frictional studies are performed with a biomedical 

micro tribometer. A normal load of 0.2 N was taken to replicate the real face cleansing process. 

Increased adhesion force and COF were reported in the study. Also, it is concluded that the 

scrub material properties greatly affect the tribological properties of the skin.  

An experimental study presents how human skin friction is related to its hydration and 

temperature [46]. The same portable tribometer is used for the study as described in [19]. Four 

different materials like stainless steel, aluminum, polyethylene, and polytetrafluorethylene are 

taken as materials for the friction tests. Static and dynamic COF showed a linear relationship. 

Results highlighted no significant relationship between sliding velocity and COF. Both skin 

temperature and skin hydration are reported to affect the friction of human skin.  

Prosthetic devices and their ergonomic development are a vital contribution of the scientific 

community to persons with permanent limb injuries or amputation. Frictional behaviour of 

human skin with materials popularly used in prosthetic development is investigated, through a 

sclerometer considering factors such as probe geometry, hair on the skin, sweat, skin moisture, 

indentation depth, interaction velocity, and pressure on the skin in [14]. Out of the seven 

considered parameters, only sweat and hairy skin are concluded as the significant factors from 

the obtained experimental results.  

Experimental investigations to compare the friction and deformation behaviour of an artificial 

skin model (ASM) with e real forearm are performed in [115]. Four ASM and a human volar 

forearm were compared for indentation and friction measurements. Friction tests were 
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performed with stainless steel taking a normal load of 30 mN, speed of 0.5 mm/ sec having 

five cycles each. For human skin, COF was reported higher in the moist state, while for ASM 

higher COF is reported in the dry state. ASM showed good similarity for frictional and 

deformation behaviour when compared to human skin. 

The influence of environmental temperature and relative humidity is investigated on the 

friction of human skin [18]. The setup consists of an enclosed chamber to control relative 

humidity and temperature. A heater 60 W heater controls the temperature with an accuracy of 

0.2 ºC. The relative humidity is maintained between 40% to 20% with an accuracy of 3% by 

inserting dry air and through an ultrasonic humidifier. A woven cotton fabric attached to the 

probe is reciprocated over the forearm for measuring the COF. Statistical analysis performed 

on the obtained experimental results highlighted the product of temperature and relative 

humidity has a more pronounced effect on the COF. 

The same setup as discussed in [18] is used to examine the static friction response as a function 

of surface energy and environmental conditions in [20]. Frictional measurements are performed 

with varying wettability. Materials with higher wettability have increased COF when tested 

under high temperatures and relative humidity. Shear strength at the interface can be computed 

through measure COF and the real area of contact.  

A study developed an artificial skin material (ASM) and investigated its frictional interaction 

with wound dressings [116]. UMT-Tribolab was used for all the frictional measurements. ASM 

was developed in a ratio of 70:30 for polydimethylsiloxane (hydrophobic) and carboxyl 

chitosan (hydrophobic). Although, COF for the ASM was higher compared to that of the 

forearm when tested against the wound dressing but the decreasing trend was the same in both 

cases. The use of wound dressing is suggested for the prevention of decubitus generation.  

An in-depth study is performed to correlate the underlying mechanisms of skin that relate to 

the variation in friction behaviour between the test subjects [117]. For the analysis of 

underlying properties, Fourier Transform Infrared Spectroscopy (FTIR) is performed over the 

same skin to perform the friction measurements. The normal load applied was 0.45 N and a 

sliding speed of 200 µm/ sec is taken for sliding the textile specimen with a forearm. Friction 

shows a linear correlation with skin moisture with an acceptable R2 value of 0.61. Further,  the 

study concludes that the amount of lipid on the skin is insignificant for the friction at the 

interface. 
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The role of hair and sweating on the skin-textile frictional characteristics of the forearm is 

studied in [16] through an experimental setup as shown in Figure 2.15. The Motorized 

translation stage moves the probe in the x direction to achieve the reciprocating motion. Force 

sensors measure the normal and the shear forces at the textile forearm interface. The study 

concluded that the larger hair coverage had higher dry friction for cotton and lower than for 

polyester and the increase in friction for the wet skin affects forearms with fewer hairs and is 

higher for cotton material.  

 

Figure 2.15 (a) Digital photograph of the contact area (b) Binary version of the 

photograph, the fraction of black pixels of 6.3% is taken as the hair coverage.  

(c) Experimental setup for the measurement of sliding friction  between  textiles  and 

humans [16] 

Table 2.14 Experimental studies of volar forearm human skin  friction 

Y No. of 

subjects 

{Age} 

Equipment Variation 

with COF 

Interacting 

Surface 

 

Highlight Ref 

2003 30 F 

29 M 

{-} 

UMT Test 

setup 

PVDC: µ 

Petrolatum: 

µ 

Glycerine : 

µ 

Copper 

cylindrical 

probe 

The effect of Gender, 

ethnicity, and Age is 

negligible on the 

properties of skin 

[41] 

2005 15 C 

15 F 

{-} 

Acoustic 

Tribometer 

Avg. sound 

level correlates 

with roughness 

and stiffness of 

the skin 

Spherical 

probe 

Acoustic emission is a 

technique to measure 

skin friction 

[32] 

2007 10 F 

{~30} 

Skin 

Tribometer 

 SC 

thickness: 

µ, 

 Stiffness 

Spherical 

steel probe 

SC does not represent 

the overall mechanical 

behavior of human skin. 

[85] 
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Table 2.14 (continued...) 

2007 1 M 

{-} 

Tabor- 

Eldredge 

machine 

Mean µ: 

PP>> Glass 

µ : 

Wet >>Dry 

Plano-

Convex 

glass lens, 

Hemispheri

cal PP shell 

Interfacial shear 

strength effects the 

frictional force 

[61] 

2008 4 

{20-30} 

UMT Micro 

Tribometer 

 NL:  µ 

 SV:  µ* 

PP probe Sliding velocity 

increases µ, 

deformation further 

increases hysteric 

friction. 

[24] 

2008 20 F 

{50-70} 

Skin bio 

Tribometer 

 NL,  Age: 

 

 Modulus 

Spherical 

indentor 

Dermis highly 

contributes to the visco-

elastic characteristics of 

the skin 

[86] 

2008 11 M 

11 F 

{23-40} 

Corneometer, 

Cutometer, 

Triaxial 

quartz force 

plate 

 SM: 

 µ, 

∅ Elasticity, 

Elasticity ∅ µ 

Medical 

textile 

Female skin showed 

greater effects of 

moisture 

[62] 

2008 5 F 

{18-44} 

In-house 

developed 

device 

(using 

tensometer 

weights etc.) 

COF: 

Hydrated> Dry 

 

 

PP, 

Copolymer

, 

(PP+ PE ) 

The device developed 

for both straight and 

curved surface friction 

measurement 

[23] 

 

2009 30 F 

30 M 

{17-95} 

Quartz force 

plate, 

Suction 

Probe, 

Skin elasticity: 

Young>> 

Aged 

Hydration: 

Aged >> 

Young 

µ: 

Cotton>viscos

e>PTFE 

 

Bamboo 

viscose, 

PTFE, 

50 % 

Cotton, 

Polyester 

 

The deformation 

component of friction 

and Shear force 

becomes an important 

parameter for old aged 

persons during 

frictional contact 

[21] 

2013 1 F 

2 M 

{-} 

Tri- axial 

Kistler force 

plate, CM 

825 

Corneometer, 

Xray 

Tomograph 

µ: 

hb 1> hb 2 > 

hb 3 

For dry and 

Wet across the 

subjects. 

Interfacial 

moisture and 

water 

transport: 

hb 1> hb 2 >hb 

3 

hb 1 

(100% 

Cotton) 

hb 2 

(50% 

cotton, 50% 

polyester) 

hb 3 

(Synthetic 

fibre) 

Adhesion plays a 

prominent role in 

friction mechanism of 

the investigated textiles. 

[87] 
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Table 2.14 (continued...) 

2013 16 F 

34 M 

{Median 

28} 

Revolt ST 

mobile 

device, 

CM 825 

Corneometer, 

Infrared 

thermometer 

µstatic > µdynamic 

for 3 different 

regions. 

µdynamic: 

µpalmar> µdistal> 

µvolar 

across the age 

of subjects 

Al 6060 

(Ra =0.45 

µm) 

The study has used 

large data set for 

predicting the various 

factors affecting human 

skin friction 

[19] 

2013 10 F 

10 M 

{22-28} 

UMT-II 

Micro-

Tribometer, 

OM, SEM, 

video contact 

angle 

instrument 

old SC 

Removal: 

Hydration 

 Adhesion 

force, µ 

 Ra,  S 

Con. 

Silicon 

Rubber 

The effect of facial 

cleanser was analyzed 

at 3 locations 

[22] 

2013 9 F 

22 M 

{23-56} 

Revolt ST, 

CM 825 

Corneometer, 

 

µstatic and 

µdynamic are 

highly 

correlated 

µ: SST >Al > 

PE > PTFE 

SST 

Al 

PE 

PTFE 

µmale<µfemale 

due to higher skin 

hydration in females 

[46] 

2015 - Instrumented 

Sclerometer 

setup 

Sweat, 

hair: µmax 

Sweat, 

hair: µmin 

 

PP Considered 7 factors 

that majorly affect 

friction at the interface 

of prosthetic devices 

[14] 

2016  

1 F 

{29} 

CETR-UMT 

Tribometer 

µ (dry/wet): 

HS >> ASM 

Steel ball ASM is developed by 

having stiffer upper 

layers and soft lower 

layers. 

[115] 

2016 1 M 

{27} 

Enclosure, 

reciprocating 

tribometer 

consisting of 

a multi-axis 

force 

transducer, 

confocal 

microscopy 

 Humidity, 

Temp: 

 static µ 

Cotton 

fabric 

Influence RH and temp 

on human skin friction 

 

 

[18] 

2017 1 M 

{28} 

Corneometer, 

Enclosure, 

reciprocating 

tribometer 

 Temp, RH: 

Friction 

force 

Glass, 

Silicon 

Nitride, 

Chrome 

steel, PTFE 

Effect of surface energy 

and  environment on 

friction force 

[20] 
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Table 2.14 (continued...) 

2019 10 F 

9 M 

{16-38} 

UST 100 

series, 

Corneometer 

Derma unit 

SSC3, 

UMT- Tribo 

lab 

ASM 

Developed its 

tribological 

analysis with 7 

types of wound 

dressings 

Nylon 

Probe 

Usage of wound 

dressing decreases µ up 

to 50% 

[116] 

2020 15 

{20-35} 

FTIR 

Spectrometer, 

6 axis 

transducers 

Moisture of 

SC:  µ 

Polyester Skin lipid attributes and 

friction are highly 

correlated 

[117] 

2020 15 

{23-30} 

SEM, 

3-Axis force 

sensor 

 

µ: 

Cotton 

>Polyester 

(dry/wet) 

 

Cotton 

Polyester 

Experimentation for the 

effect of hair and 

sweating on textile 

friction 

[16] 

ASM- Artificial skin material 

Al- Aluminium 

HS- Human skin  

FTIR- Fourier-transform 

infrared spectroscopy  

hb- Hospital Bedsheet 

NL- Normal Load 

 

PE - 

Polyethylene 

PP- 

Polypropylene 

PTFE- 

Polytetrafluoro

ethylene 

PVDC- 

Polyvinyliden

e chloride 

 

Ra- Surface Roughness 

RH- Relative Humidity 

SC- Stratum Corneum 

S Con. –Skin Conductance 

SEM- Scanning electron microscope 

SM- Skin moisture  

SV- Sliding Velocity 

SST- Stainless steel 

µ-COF 

∅- Does not affect 

2.3.4 Other regions 

Skin is highly diverse in structure throughout the body. Various researchers have used different 

anatomical locations as per application needs, ease, and efficient measurements. Popular skin sites 

have already been discussed in the former part of the section. Other regions that are highly popular 

amongst researchers are the back, knee, scar, face, forehead, and calf. Researchers have investigated 

these anatomical regions for experimental investigations as per their application needs. Table 2.15 

summarizes the studies done on these anatomical regions. A comparative investigation of the 

tribological behaviour of a polyethylene ball (a prosthetic socket material) with scar skin, healthy 

skin, and prosthetic skin is performed in [118]. All the experiments were performed on a 

reciprocating UMT-II micro tribometer with a normal force at 0.1, 0.7, and 0.8 N respectively. COF 

for all the measurements decreased with the increasing value of the normal load. Maximum COF 

reported is for the scarred skin followed by the highest fluctuations in the measurements. Most 

tolerant of the comfortless sensations is the skin wearing the prosthetic socket.  
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For persons with amputation use of prosthetics is a great need for their efficient day-to-day life. 

Prosthetics cause a sense of discomfort with the residual limb on which it is mounted. To overcome 

this use of socks in prosthetic devices is recommended. An in vivo friction study between the four 

popular prosthetic socks materials namely nylon, wool, cotton, and silk with the residual limb skin 

is conducted in [119]. Each fabric was cut into a specific dimension and wrapped in an acrylic 

probe. Five sites of 4 cm2 were selected as test sites on the skin taken as a flat sample with a normal 

load of 2 N equivalent to the 39.8 kPa pressure. The study concluded that the fabric surface features 

and material composition affected the frictional behaviour at the interface. While sliding COF for 

nylon and wool socks was higher due to the coarse surface finish compared to that for cotton and 

silk which had fewer irritations.  

A portable multi-component-based sensor is developed to investigate the friction and the tactile 

perception of human skin with textiles [70]. Two knitted and three plain fabrics were taken as test 

samples. The site of the investigation was the ventral forearm and the palmar region. Normal load 

varied between 0 to 1 N and sliding velocity of about 35 ± 10mm /sec for the experimentation. 

Friction test results for the palm were gender sensitive males had twice the COF that for the female. 

Wool reported the highest COF, irrespective of gender and site of friction test. Friction results and 

tactile perception showed a high positive correlation.  

Friction measurements to evaluate the effect of pressure distributions on the human skin were 

performed in [100]. As discussed for the fingerpad, a similar trend of decreasing COF was observed 

for the knuckle replicating the thin layer over a bonny surface having sharp peaks. All the 

measurements were performed through a pressure-sensitive film attached to the force plate to 

measure the normal and the shear forces. Pressure distributions had a below 10% effect on the COF 

and thereby reductions in the friction value are attributed to the skin hydration or the differences in 

the finger positions while measurements. 

The anatomical region carries the least importance while sweat significantly affects the value of 

COF in [15] at the interface. Figure 2.16 represents a recent work that measures the COF on trans-

femoral amputees. This study uses a portable tribometer that due to its versatility, can operate on 

the volar forearm and other three regions of the transfemoral residual limb. The device has its axis 

of rotation perpendicular to the site of friction measurement. 



Literature Review 

53 

 

 

Figure 2.16 Handheld tribometer used for the measurement of COF at the residual limb 

[15] 

Table 2.15 Experimental study of human skin friction on the calf, scar, residual limb, 

etc. 

Y No. of 

subjects 

{Age} 

Equipment 

 

Variation with COF Interacting 

Surface 

 

Highlight Ref 

2005 15 C 

15 F 

{-} 

Acoustic 

tribometer 

Avg. sound level 

correlates with 

roughness and 

stiffness of the skin 

Spherical 

probe 

Acoustic 

emission is a 

technique to 

measure skin 

friction 

[32] 

2008 8 F 

{24-53} 

UMT-II 

multi 

specimen 

Micro-

Tribometer 

µ: 

Prosthetic ~ Healthy 

skin. 

Scar/ healthy skins are 

more sensitive than 

Prosthetic skins. 

PE: 

Residual 

limb scar 

skin, 

Prosthetic 

skin, 

Healthy 

skin  

(in vivo) 

 

The comfort of 

3 different 

kinds of is skins 

investigated 

[118] 

2011 5 F 

5 M 

{24-53} 

UMT series 

multi-

specimen 

Biomedical 

Micro-

Tribometer 

 Coarse fabric:  

Comfort sensation 

Cotton, 

Nylon, 

Silk, Wool 

The effect of 

fabric weave 

parameters, 

surface 

features, and 

material 

composition on 

tribological 

behaviour is 

studied 

[119] 
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Table 2.15 (continued...) 

2012 7 F 

12 M 

{21-57} 

An in-

house 

developed 

device with 

two 

cantilever 

load cells 

µwool is the highest. 

Palm region: 

µfemale <µmale 

PA, PE, 

silk, wool, 

cotton 

The friction of 

the Palmar 

portion of 

human skin is 

measured 

[70] 

2013 2 F 

1 M 

{-} 

 

Force Plate The effect of Pressure 

distribution on µ is 

analyzed. 

Smooth 

pressure-

sensitive 

film 

COF of 

Knuckle 

portion is 

investigated 

[100] 

2020 7 F 

15 M 

{21-88} 

Handheld 

tribometer 

Sweat at the interface 

is a significant 

attribute for µ 

Scar skin: 

Socket 

internal 

surface, 

PP 

COF 

measurements 

of transfemoral 

amputees. 

[15] 

PA- Polyamide  

PE- Polyethylene 

PP- Polypropylene µ-COF 

2.4 Gaps in the Existing Literature 

Following crisp research gaps are identified based on the literature survey:  

• Research trends: Lack of structured trends and growth in the research domain. 

• Lack of an engineering-based design framework: All the attempts to develop the 

friction measurement device were based on the application, range of controllable 

attributes, and the counter material used without considering their relative importance 

in the measurement framework. 

• Raw material selection: Test samples in all the investigations were randomly taken 

without the user-based selections. 

• Design constraints: Need for low maintenance, cost-efficient, and a handy friction 

measurement device based on parallel rotary movement having repeatability, 

calibration, and reliability. 

• Test environment and subjects: Lack of an attempt on the Indian population as test 

subjects and climatic conditions. No comparative studies on the same set of subjects for 

rotary and sliding friction measurements were reported. 

• Predictive model and its optimization: Very few studies presented a predictive model 

for the determination of COF at finger pad with counter material and no study could be 

traced for the optimization of the same. 
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Based on the discussed literature gaps, the following objectives have been aimed in the  current 

research: 

1. An extensive literature survey based on the bibliometric methodology and PRISMA 

technique is addressed in Chapter 2. 

2. The design and development of the tribometer for finger pad friction measurement are 

addressed in chapter 3. 

3. Experimental investigation of finger pad frictional behaviour of human skin addressed 

in chapter 4. 

4. Predictive model development for the COF at the material and finger pad contact 

interface and its optimization is addressed in chapter 5. 

2.5 Organization of Thesis 

The thesis is subdivided into 6 chapters. Chapter 1 introduction: presents the overall 

introduction on skin tribology, anatomy of human skin and finger pad, followed by skin friction 

mechanisms and its measurement techniques. Chapter 2 presents an extensive literature survey 

post-year 2000 and classifies the highly cited experimental investigations performed for the in-

vivo human skin friction measurements based on popular sites of tribological investigation on 

the human body. Chapter 3 conducts a response-based survey for the selection of test materials 

across six geographical divisions of India considering the environmental effects on the 

tribological aspects of human skin. A parallel rotary type tribometer is developed to measure 

the human skin friction and validation of equipment is performed through gage repeatability 

and reproducibility tests (R&R) tests. Followed by the development of a sliding type 

tribometer. Chapter 4 reports the experimental investigations and their analysis with textile, 

rubber, and metal probes are performed. Experimental measurements of finger pad friction 

were performed through a reciprocating tribometer through a multi-axis dynamometer in 

contact with seven different samples including 5 metals, 1 wood, and 1 acrylic test sample. 

Chapter 5 presents predictive modeling COF for the finger pad and steel probe is reported using 

response surface methodology (RSM)  and artificial neural network (ANN) technique. Finally, 

optimization is performed through RSM to minimize COF to get the optimal values of input 

parameters. Chapter 6 presents the summary of the conclusions and future scope of the present 

study. 
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2.5 Summary 

1. A literature review is conducted in the domain of human skin tribology. Section 2.2 

presents a bibliometric study performed over the research domain of human skin 

tribology. Two widely popular databases are used for the selection of articles through 

specialized keywords. Further, this presents a detailed citation analysis, co-citation 

analysis, collaboration between prominent authors and countries, and the most 

influential authors. 

2. In section 2.3 a systematic literature review is conducted through preferred reporting 

items for systematic reviews and meta-analyses (PRISMA) technique for the in vivo 

experimental studies and classified the experimental studies based on the sites of 

tribological investigation of human skin. 

3. Section 2.4 lists out the research gaps identified from the literature and based on those, 

the proposed objectives are defined for the current research that is addressed in chapters 

3, chapter 4, and chapter 5. 
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3. Chapter - 3 

Design, Development and Fabrication of Human Skin 

Tribometer 

3.1 Introduction 

In the previous chapter, comprehensive literature review has been presented for human skin 

friction measurement. Human skin friction behaviour has been reviewed in the context of 

environmental conditions, effect of micro and macro parameters and the nature of contact 

surface. Measurement technique highly influences the coefficient of friction (COF) for the 

human skin contact. Surface roughness of the  material needs to be specifically mentioned to 

provide information on the contact between human skin and counter surface at the microscopic 

level. Higher number of test subjects increase the reliability and acceptability of the 

experimental results [1]. Since, the measurement of tribological aspects of human skin depend 

on multiple parameters (as discussed in chapter 2 section 2.1), it is important to replicate the 

test and contact conditions for specific application.  

Tribometer designs for most of the in- vivo experimental investigations reported so far, can be 

classified broadly as rotary type and reciprocating (sliding) type tribometers. In the literature 

friction measuring devices are classified based on  the application and the anatomical region 

being investigated. Based on portability tribometers range from small handheld devices having 

high flexibility, constrained variation in parameters and low reliability to the fixed setups that 

have higher reliability,  less dynamic in operations but high repeatability of results.  

Chapter 3 is further divided in three sections. Section 3.2 presents the design and development 

of parallel rotary type tribometer (RTT) while, section 3.3 presents the development of 

reciprocating (sliding) type tribometer (STT). Both the designs proposed here measure the 

frictional interaction of human skin (finger pad) at the macro scale but differ in relative motion 

with the human skin within each other. Section 3.4 provides the summary of chapter 3. 

3.2 Design of Rotary Type Tribometer (RTT) 

The tribometer features to control and measure the external macro mechanical parameters 

affecting the human skin friction with a material-in-contact such as normal load, sliding 

velocity and customisable contact surface properties. 

Most of the portable tribometers for human skin friction measurement reported in literature are 

rotary type [2]–[6]. In rotary tribometers, friction force is calculated through the measurement 
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of torque of the motor that is required to maintain a constant angular velocity [3]. Different 

designs proposed by researchers had constraints attached to them with reference to efficient 

friction measurement such as uncontrolled [5], constant [7], and low range variation [4], [6], 

[8] of normal load and sliding velocity. Most of the rotary type tribometers have axis of rotation 

perpendicular to the skin surface which are further discussed in detail. 

In 1973, comaish et al. [7] developed a Newcastle friction meter (handheld) as shown in Figure 

3.1, with a rechargeable battery for the power supply. The developed instrument is highly 

portable and versatile but lacks in variation of normal load and speed.  It operates with a 

constant load and speed to minimise variation based on the application of test parameters. 

Velocity between the contact was also not constant and increased from inside to outside over 

the contact area. No provision for recording of friction data was available. A counter-balance 

and support are provided through anti-friction bearings to all the moving parts. 

 

Figure 3.1 Newcastle friction meter [7] 

A study using a rotary type skin friction meter is reported for frictional force measurement of 

skin as shown in Figure 3.2 [3]. It employs a D.C. motor attached, to vary the speed and a 

spring balance to monitor the normal load. The applied normal load is assumed constant (probe 

weight), if and only if the relative position of the rotary probe to the base plate is kept constant. 

Friction force is measured through the torque generated by the motor when probe rests on the 

skin. 

 

Figure 3.2 Skin friction meter [3] 
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A customised friction measurement device is developed [4] as shown in Figure 3.3. An 

arrangement of normal load application is made through loading a probe ring with linear elastic 

spring which is controlled by adjusting its length from 1 to 5 N. Support rings are provided 

around the probe to evenly distribute the pressure at the contact and shear stress on the ring. 

Tangential force is measured through a transducer attached to the DC motor. Velocity can be 

controlled in the precise range of 0.5 to 500 mm/sec. 

 

(a) 

 

(b) 

Figure 3.3 Custom-built rotating ring apparatus and application to the skin of the 

forearm and the cheek [4] 

A wireless friction measurement device  with a spring based normal load actuation system is 

developed by veijgen et al. [8] as shown in Figure 3.4. The device operates on low normal load 

in the range of 0.5 to 2 N and four pre-programmed velocities of 1, 2, 5 or 10 mm/ sec. Normal 

load and tangential forces are measured through the piezoresistive sensors attached to it. Data 

is sampled at the frequency of 2.5 kHz and has an internal storage of 7 GB. Device takes 8 

seconds to get stabilized, hence the standard friction measurement time is 20 seconds.  

 

Figure 3.4 Portable handheld device [8] 
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To overcome the above discussed drawbacks, we have developed a customised tribometer as 

shown in Figure 3.5. The developed tribometer for the effective measurement of the skin 

interface friction has the following merits: 

(1) Higher range for normal load and sliding velocity variation for the test requirements. 

(2) Bench top design, to keep the variations to be minimum due to interfaces with the test 

subjects, since it is a contact-based study. 

(3) Subject controlled normal load, to keep the operator-subject interface exchange minimum. 

(4) Low-cost, confined portability and ease of use make this design to feature for range of 

materials in the measurement of human skin friction.  

3.2.1 Description of device 

The developed tribometer is commercially viable and versatile in operations. The required 

strength is provided through its structure, which is fabricated with raw wood. To keep the 

device versatile, counter material surface in contact with human skin is made up as probe that 

captures the skin-material tribological interaction. The other mechanical attributes affecting 

tribological phenomena of human skin with material in contact viz. roughness, hardness, 

hydration is proposed to be separately investigated, controlled, and parametrically reported in 

conjunction with the measured COF. 

Figure 3.5 (a) and (b) depicts the developed tribometer and its components as: A: Weight plate: 

To activate the load cells. B: Rigid Support: To transfer the forces directly to the load cells. C: 

Load cell: Two 10 kg (measurement of 0 to 25 N of normal load) highly sensitive (±1 gm) 

load cells are mounted on the wooden frame. D: Probe: Probe is made up of counter surface 

material having diameter of 57 mm. E: Motor: A 12-volt D.C. motor (to achieve desired range 

of angular velocity) is mounted on the rigid support to generate the rotary motion of the probe. 

F: Wooden Frame: This serves as the basic support structure of the device mountings. G: 

Control board: It is the mechano-electronic interface that transmits data to the attached micro 

secure digital card. H: Platform: To give support to the human test subject.  
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(a) 

 

(b) 

Figure 3.5 Developed parallel rotary type human skin tribometer (a) Front view and (b) 

Isometric view 

3.2.2 Working principle 

The applicability of Amonton’s law is stressed on the relevance of other factors such as contact 

area, surface conditions, velocity, lubricants and geometric orientation to affect the friction 

between the constituting bodies [9]. Till date, no concrete agreement has been drawn among 

the tribologists for the pertinency of Amonton’s law of friction. Here, the tribometer 

development is based on Amonton’s law that describes the coefficient of friction between two 

surfaces as the ratio of the tangential force generated to the normal load applied as in equation 

3.1. If the counter surface material is so compressible that it cannot be given a shape of the 

probe, then it is mounted on the base probe to avoid any wrinkles, occlusions, and deformations 

on the surface. 

T

N

F
COF

F
=      3.1 

 

Figure 3.6 Schematic representation of forces acting at the human skin contact 

Friction force is defined as the force generated to restrict the relative motion between the two 

interfacing surfaces. Figure 3.6 depicts the normal force (FN) acting and tangential force (FT) 
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generated due to the resistance offered by the probe to the human skin due to the rotating 

motion at the contact interface. 

3.2.3 Force measurement system 

A.  Normal load measurement 

The current equipment measures the normal load as a difference between the applied force 

through a static weight ‘W’ and the combined residual readings of both the load cells L1 and 

L2 shown in equation 3.2. Residual force readings acting at L1 and L2 are F1 and F2 respectively. 

( )1 2   NF W F F= − +      3.2 

Subject keeps the finger pad on the lifting platform pushing the finger downwards to avoid any 

unintentional contact. As the platform is lifted upwards finger pad applies force on the probe 

material. The force is transferred through a rigid support to the load cell as shown in Figure 

3.7. For the in vivo friction measurements, it becomes totally inevitable to rule out human 

based measurement errors. To minimise the measurement errors and control the variations 

device is equipped with set of two load cells and an externally lifted resting platform 

respectively. Every device has its shortcomings, the current equipment lacks in portability and 

needs to educate the subject with the operating procedures to reduce the measurement flaws.  

Working of a load cell: 

Load cell works on the principle of Wheatstone bridge. Wheatstone bridge changes its voltage 

output with change in resistance on the application of the load. For the no load condition, there 

is no deformation in the cell. This is the balanced condition of the bridge circuit, and the output 

voltage of the load cell is zero. When a load is applied change in resistance is witnessed causing 

an imbalance in the circuits resulting in an output voltage. 

 

Figure 3.7 Schematic representation for the measurement of normal force  
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B. Tangential  force measurement 

In the Amonton’s third law with increase in tangential velocity there is an increase in the COF 

value at a constant normal load. Shearing that tends to rotate the probe at the contact interface 

is caused by the tangential force (or, shearing force). Tangential force in the current device is 

measured in relation to the current consumed and the torque at the contact interface. 

In a D.C. motor  at constant voltage (V)  

( ) ( )   Current i Torque   

Relationship of tangential force and electrical current consumption can be understood as 

follows: 

Step 1: 

At multiple voltages current consumption in no load and load conditions were measured. 

The force acting at the lowest portion of the probe while rotating was measured through an 

external digital weigh scale as depicted in Figure 3.8. 

Step 2: 

A plot was developed for six set of values for V and I following the ohm’s law. An analogous 

relation of voltage current and resistance was developed using ohm’s law and the equation of 

straight line (y= mx+c). 

Step 3: 

Different values of slopes m1, m2 …m6 for resistances and that for intercept c1, c2, ….c6 were 

calculated for the proposed dc motor. A special written code is developed to calculate COF as 

an output, taking the instantaneous normal force and tangential force. A schematic 

representation of tangential force measurement is shown in Figure 3.9. 

 

Figure 3.8 Mechanical measurement of tangential force through weigh scale 
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Figure 3.9 Schematic representation for the measurement of tangential force  

(Side view) 

3.2.4 Validation of equipment 

Gage repeatability & reproducibility tests: 

Gage repeatability and reproducibility (R&R) study is the popular technique of measurement 

system analysis (MSA). Gage R&R tests are performed to measure any bias associated within 

or outside the measurement system. Minitab© statistical package developed by Pennsylvania 

state university is used to perform R&R study and analyse the results. Table 3.1 presents the 

ANOVA results obtained through gage R&R study for components variance. 

Table 3.1 (A) shows the two-Way ANOVA analysis representing the p-values for the parts, 

operators, and part-operator interaction (with a significance level of α =  0.05). Table 3.1 (B) 

and Table 3.1 (C) shows the total Gage R&R statistic for the component’s variance and the 

gage evaluation respectively. Figure 3.10 illustrated the gage R&R report for the COF. 

The crossed gage R&R study is opted for the validation of the device because of the following 

reasons: 

a) It quantifies the inherent variability in the system. 

b) The test is widely used for the validation of systems having non-destructive testing 

measurements. 

The gage R&R statistic from the component variance should satisfy following criterion to 

be acceptable: 

1) Range of percentage contribution in components of variation for the total gage R&R as 

per the standards [10] are : 

• Less than 1%- Measurement system is acceptable. 

• 1% to 9%- Measurement system is acceptable (depending on application, cost, and 

other factors). 

• More than 9%- Measurement system cannot be accepted and should be improved. 
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2) The total gage R&R statistic for the gage evaluation to be acceptable, should satisfy 

following criterion: 

• Less than 10%- Measurement system is acceptable. 

• Between 10% to 30%- Measurement system is acceptable (depending on application, 

cost, and other factors). 

• More than 30%- Measurement system cannot be accepted and should be improved. 

Table 3.1 ANOVA Gage R&R results 

(A) Gage R&R Study - ANOVA Method Two-Way ANOVA Table with Interaction 

Source DF SS MS F P 

Parts 7 11.77 1.68 140.76 0.000 

Operators 2 0.082 0.04 3.43 0.061 

Parts * Operators 14 0.16 0.01 1.95 0.044 

Repeatability 48 0.29 0.006   

Total 71 12.32    

α to remove interaction term = 0.05 

(B) Gage R&R Variance Components 

Source Var Comp % Contribution 

(of Var Comp) 

Total Gage R&R 0.009 4.76 

  Repeatability 0.006 3.14 

  Reproducibility 0.003 1.62 

 Operators 0.0012 0.62 

 Operators*Parts 0.0019 1.00 

Part-To-Part 0.18562 95.24 

Total Variation 0.19490 100.00 
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(C) Gage Evaluation 

  

 

 

 

 

Source Std Dev 

(SD) 

Study Var 

(6 × SD) 

Study Var 

(%SV) 

Total Gage R&R 0.096345 0.57807 21.82 

 Repeatability 0.078289 0.46973 17.73 

 Reproducibility 0.056154 0.33692 12.72 

Operators 0.034811 0.20887 7.89 

Operators*Parts 0.044061 0.26437 9.98 

Part-To-Part 0.430839 2.58503 97.59 

Total Variation 0.441480 2.64888 100.00 

Number of Distinct Categories = 6 

 

Figure 3.10 Gage R&R report for the device validation 

3.3 Design of Sliding Type Tribometer (STT) 

This section discusses about the development and fabrication of sliding type human skin 

tribometer. In the literature, the reported STT’s are distinguished based on motion actuation, 

relative motion, mechanism type, application of normal load, variation in sliding velocity, 

mounting of contact material, finger - contact angle variation and measuring of shear forces 

etc. Human skin friction is affected by multiple intrinsic and extrinsic parameters as reported 
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in chapter 2 section 2.1. Two vital parameters affecting the human skin friction at the macro 

level namely, normal load and shear force are crucial for the designing of human skin 

measurement device. 

In 1991, Dinc et al.[11] introduced the force transducer for the friction measurement of the 

sliding tactile contact between human finger and the countersurface. The setup design as shown 

in Figure 3.11 (a) consists of piezo-electric force transducer that gives force to all the three 

components (x, y, z) for any force applied. Countersurface was attached with an adhesive to 

the upper link of the device. Procedures were conducted on three normal loads (100-150, 300-

400 and 1000-2000 gm) and three sliding velocities (0.6, 2, and 6 cm/s). Five common 

materials (Plexiglass, Nylon 66, Teflon, Polycarbonate and Phenolic ) with different surface 

roughness and at different relative humidity were used for the measurement of tactile friction.  

 
(a) 

 
(b) 

Figure 3.11 (a) Apparatus for the measurement of tactile friction [11], (b) Schematic 

view of the experimental test equipment. (1) Spherical glass surface, (2) Multiaxial force 

sensor, (3) Treatment and acquisition unit [12] 

In 2007, Ramalho et al. [12] designed an equipment for the frictional force measurement of 

sliding finger on the glass surface as depicted in Figure 3.11 (b). Multiaxial load cell and an 

amplifying unit is attached for the measurement of normal and tangential forces. Defined 

loading range for the equipment is 0 to 70 N. For the testing purpose loading and sliding rate 

were taken as 60 ± 20 N/ s and 40 ± 10 mm/ s. Similar setups as in [12] where load application 

is controlled and actuated by subjects have been developed by Carre et al.[13], Derler et al. 

[14], and Kuilenburg et al. [15]. Seo and Armstrong [16] have used very similar test setup 

differentiating in the load application through the use of  dead weights.  

In 2017, Camillieri and Bueno [17] designed a tactile reciprocating tribometers as shown in 

Figure 3.12 for investigating tribological behaviour of textile. Oscillatory motion is controlled 
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by a servo -controller to which the fabric is mounted. Pulse data recorder is incorporated for 

the data-acquisition. A three-axis load cell is attached for the force measurement in the three 

orthogonal axes. An adjustable gutter is provided to hold the subject’s arm for the efficient 

friction measurement. 

 

Figure 3.12 Tactile tribometer for friction measurement [17] 

In 2017, Zhang et al. [18] designed an experimental test setup to determine the finger friction 

characteristics. A 2-D strain gauge sensor with a resolution of 0.005 N  and a range of 0-100 N 

was used to measure the normal and the frictional forces. Finger bracket and a loading device 

is attached to control normal load and contact angle as shown in Figure 3.13. Test sample is 

fixed on the force sensor which in turn is driven by a servo motor. Data is recorded at a 

sampling frequency of 200 Hz through the linked data acquisition device. 

 

Figure 3.13 Schematic of in-house developed experimental setup [18] 

Sergachev et al. [19] adapted the setup depicted in Figure 3.14 by Klaassen et al. [20] for the 

finger pad friction measurements. 6-axis force transducer of 100 Hz sampling frequency is 

mounted, and the load is applied through the static weights. Samples were attached to the load 

cell through bolted attachment of polymethyl methacrylate (PMMA) plate over which the 

samples were glued. 
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Figure 3.14 Schematic representation of the test setup used for the friction [20] 

3.3.1 Description of device 

A schematic of reciprocating tribometer is shown in Figure 3.15 (a). Human skin friction 

measurement setup consists of A: Power source, B: Computer system, C: Data acquisition 

device (DAQ), D: Induction motor (to reciprocate the linear stage mechanism), E: Limit 

switch (to break the circuit), F: Contactor (to switch an electrical power circuit for reversing 

the direction), Variable frequency drive (VFD-to control the speed of the linear stage ) and a 

linear stage mechanism. Exploded view for the linear stage is as shown in Figure 3.15 (b).  

 
 

(a) 
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(b) 

Figure 3.15 (a) Experimental setup for reciprocating type human skin tribometer,  

(b) Exploded view of linear stage mechanism 

3.3.2 Working principle 

A subject controlled normal load is applied on the test sample attached over the dynamometer 

as depicted in Figure 3.16 (a). Dynamometer gives the forces in the three orthogonal 

directions in x, y and z axis. Speed of the geared induction motor can be controlled through 

an attached VFD that in turn controls the reciprocating motion of the linear stage. Two 

contactors attached to the limit switches at both the ends of the linear stage mechanism 

switches on and off the electrical circuit. Subject is provided with a stand support to make a 

constant angle of 30 to 45 degrees as shown in Figure 3.16 (b) to limit the variation in the 

contact during the measurements. Applied normal load is easily visible in the attached display 

unit for the convenience of the subject. 

 

 

(a) 
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(b) 

Figure 3.16 (a) Experimental test setup for sliding type tribometer (b) Measurement of 

finger pad friction 

3.3.3 Components of sliding type tribometer 

A. Induction motor 

To operate the linear stage mechanism, an induction motor as shown in Figure 3.17 rated at 

(40 W, 230/415 VAC, 3Phase, 1440 RPM ) by revolution technologies is used. A gearbox is 

coupled to achieve the minimum  speed requirement in the application of human skin frictional 

measurement. The rotational speed of motor is controlled in terms of VFD frequency 

equivalent to 20,30,40,50 and 60 Hz.  

 

Figure 3.17 Phase 40-Watt Induction Motor 

B. Variable frequency drive (VFD) 

VFD’s are also known as AC Drives which is used to control the rotational speed of the AC 

Motors. Variable frequency drive unit is connected to the motor electrical supply. Frequency 

of the electricity being supplied to the motor can be controlled, that in turn controls the rotation 
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of the motor. VFD twice converts the voltage. Initially, it converts the AC to DC  using diode 

and then cleans the DC using the capacitors finally converting back to AC through transistors. 

This design incorporates VFD002EL21W-1 manufactured by Delta 0.25 HP  VFD  with a 

frequency range of 0.1 to 400 Hz. VFD connected in the frictional measurement setup is 

depicted in Figure 3.18. 

 

Figure 3.18 0.25 HP Variable frequency drive 

C. Contactor 

A Contactor is shown in Figure 3.19 is used for switching on or off an electric circuit. This is 

similar to a relay for high range electrical current. Contactors are selected based on their 

application. This setup consists of a contactor of model  LC1D09 by Schneider Electric (SE). 

Two contactors are attached to the two limit switches at each end of the linear stage.  

 

Figure 3.19 Contactor switch 
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D. Limit switch 

Limit switches are the electromechanical device that operates through an application of a 

mechanical force. It is used to limit the travel of a moving object. The limit switches are 

electrically connected to the electrical switches. This is mostly used where the application 

needs to restrict the motion to make or break the connection through an electrical current. Here, 

15 Ampere limit switch is shown in Figure 3.20 is attached at both the ends to break the current 

flow. So that the platform on the linear stage reverses the direction of motion. 

 

Figure 3.20 Limit switch 

E. Linear stage mechanism 

Linear stage mechanism as shown in Figure 3.21 is developed to convert the rotary motion 

generated by the induction motor to the reciprocatory motion. The ends of the linear stage limit 

switches are connected to limit the travel of the platform within the frame. Structure is made 

of stainless steel and the inner travel distance is 115 cm. Two solid cylindrical rods at both the 

lateral ends are attached to support the platform. At the centre a helical screw rod is mounted 

through a mechanical attachment to the platform. 

 

Figure 3.21 Linear stage mechanism (not to scale) 
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F. Dynamometer 

In literature, various multi axis force plate or load cells are used to measure the normal and 

tangential forces for the human skin friction measurement [13], [14], [21], [22]. For the 

measurement of normal load and tangential force a well calibrated multi axis dynamometer 

Kistler 9272 shown in Figure 3.22 is mounted on the platform through bolts over the linear 

stage. The device can measure three orthogonal forces in x (FX), y (FY), and z (FZ) direction 

along with a moment around z axis. It is coupled with a high impedance connection cable 

16677A5. Measuring range for FX and FY is -5 to 5 kN while for FZ its -200 to 200 kN. It is 

further attached to a data acquisition system with a sampling frequency of 1000 Hertz and an 

amplifier that stores the data in the system for analysis at a later stage. 

 

Figure 3.22 Dynamometer (Kistler 9272) 

3.4 Summary 

1. Section 3.1 Discusses the friction measurement techniques for the human skin classifying 

them into rotary and sliding type of human skin tribometer. 

2. Section 3.2 provides insights on the series of developments in the rotary type of tribometers. 

Later in the section development, working and validation of the parallel rotary type human 

skin tribometer is discussed in detail. 

3. Section 3.3 presents the sliding type of tribometers available in the literature. Further, 

discussion is presented for the development of sliding type human skin tribometer. 

  



Design, Development and Fabrication of Human Skin Tribometer 

 

86 

 

References 

[1] S. Derler and L. C. Gerhardt, “Tribology of skin: Review and analysis of experimental 

results for the friction coefficient of human skin,” Tribol. Lett., vol. 45, no. 1, pp. 1–27, 

2012, doi: 10.1007/s11249-011-9854-y. 

[2] A. F. El-Shimi, “In vivo skin friction measurements,” J. Soc. Cosmet. Chem., vol. 51, 

no. February, pp. 37–51, 1977. 

[3] M. Zhang and A. F. T. Mak, “In vivo friction properties of human skin,” Prosthet. 

Orthot. Int., vol. 23, no. 2, pp. 135–141, 1999, doi: 10.3109/03093649909071625. 

[4] C. P. Hendriks and S. E. Franklin, “Influence of surface roughness, material and climate 

conditions on the friction of human skin,” Tribol. Lett., vol. 37, no. 2, pp. 361–373, 

2010, doi: 10.1007/s11249-009-9530-7. 

[5] A. B. Cua, K. P. Wilhelm, and H. I. Maibach, “Frictional properties of human skin: 

Relation to age, sex and anatomical region, stratum corneum hydration and 

transepidermal water loss,” Br. J. Dermatol., vol. 123, no. 4, pp. 473–479, 1990, doi: 

10.1111/j.1365-2133.1990.tb01452.x. 

[6] S. C. Henao, S. Cuartas-Escobar, and J. Ramírez, “Redesign and validation of a 

handheld tribometer to determine the coefficient of friction between the prosthesis and 

the residual limb of people with a transfemoral amputation,” Biotribology, vol. 21, no. 

August 2019, p. 100118, 2020, doi: 10.1016/j.biotri.2020.100118. 

[7] J. S. COMAISH, P. R. H. HARBOROW, and D. A. HOFMAN, “A hand‐held friction 

meter,” Br. J. Dermatol., vol. 89, no. 1, pp. 33–35, 1973, doi: 10.1111/j.1365-

2133.1973.tb01914.x. 

[8] N. K. Veijgen, M. A. Masen, and E. Van Der Heide, “A novel approach to measuring 

the frictional behaviour of human skin in vivo,” Tribol. Int., vol. 54, pp. 38–41, 2012, 

doi: 10.1016/j.triboint.2012.05.022. 

[9] R. M. McKeon and C. S. Gillmor, Coulomb and the Evolution of Physics and 

Engineering in Eighteenth-Century France, vol. 14, no. 2. Princeton University Press, 

1973. 

[10] M. Down, F. Czubak, G. Gruska, S. Stahley, and D. Benham, “Measurement Systems 

Analysis Reference Manual,” Automot. Ind. Action Gr., 2010. 

[11] O. S. Dinç, C. M. Ettles, S. J. Calabrese, and H. A. Scarton, “Some parameters affecting 

tactile friction,” J. Tribol., vol. 113, no. 3, pp. 512–517, 1991, doi: 10.1115/1.2920653. 

[12] A. Ramalho, C. L. Silva, A. A. C. C. Pais, and J. J. S. Sousa, “In vivo friction study of 



Design, Development and Fabrication of Human Skin Tribometer 

 

87 

 

human skin: Influence of moisturizers on different anatomical sites,” Wear, vol. 263, no. 

7-12 SPEC. ISS., pp. 1044–1049, 2007, doi: 10.1016/j.wear.2006.11.051. 

[13] M. J. Carré, S. K. Tan, P. T. Mylon, and R. Lewis, “Influence of medical gloves on 

fingerpad friction and feel,” Wear, vol. 376–377, pp. 324–328, 2017, doi: 

10.1016/j.wear.2017.01.077. 

[14] S. Derler, L. C. Gerhardt, A. Lenz, E. Bertaux, and M. Hadad, “Friction of human skin 

against smooth and rough glass as a function of the contact pressure,” Tribol. Int., vol. 

42, no. 11–12, pp. 1565–1574, 2009, doi: 10.1016/j.triboint.2008.11.009. 

[15] J. Van Kuilenburg, M. A. Masen, and E. Van Der Heide, “The role of the skin 

microrelief in the contact behaviour of human skin: Contact between the human finger 

and regular surface textures,” Tribol. Int., vol. 65, pp. 81–90, 2013, doi: 

10.1016/j.triboint.2012.11.024. 

[16] N. J. Seo and T. J. Armstrong, “Friction coefficients in a longitudinal direction between 

the finger pad and selected materials for different normal forces and curvatures,” 

Ergonomics, vol. 52, no. 5. pp. 609–616, 2009, doi: 10.1080/00140130802471595. 

[17] B. Camillieri and M. A. Bueno, “Artificial finger design for investigating the tactile 

friction of textile surfaces,” Tribol. Int., vol. 109, no. September 2016, pp. 274–284, 

2017, doi: 10.1016/j.triboint.2016.12.013. 

[18] M. Zhang, J. L. Mo, J. Y. Xu, X. Zhang, D. W. Wang, and Z. R. Zhou, “The Effect of 

Changing Fingerprinting Directions on Finger Friction,” Tribol. Lett., vol. 65, no. 2, pp. 

1–9, 2017, doi: 10.1007/s11249-017-0843-7. 

[19] D. A. Sergachev, D. T. A. Matthews, and E. van der Heide, “An Empirical Approach 

for the Determination of Skin Elasticity: Finger pad Friction against Textured Surfaces,” 

Biotribology, vol. 18, no. April, p. 100097, 2019, doi: 10.1016/j.biotri.2019.100097. 

[20] M. Klaassen, D. J. Schipper, and M. A. Masen, “Influence of the relative humidity and 

the temperature on the in-vivo friction behaviour of human skin,” Biotribology, vol. 6, 

pp. 21–28, 2016, doi: 10.1016/j.biotri.2016.03.003. 

[21] M. A. Masen, “A systems based experimental approach to tactile friction,” J. Mech. 

Behav. Biomed. Mater., vol. 4, no. 8, pp. 1620–1626, 2011, doi: 

10.1016/j.jmbbm.2011.04.007. 

[22] M. S. Kim, I. Y. Kim, Y. K. Park, and Y. Z. Lee, “The friction measurement between 

finger skin and material surfaces,” Wear, vol. 301, no. 1–2, pp. 338–342, 2013, doi: 

10.1016/j.wear.2012.12.036. 

 



 

 
 

4. Chapter - 4 

Experimental Investigations and Analysis for Parallel-

Rotary Type and Sliding Type Human Skin Tribometer 

4.1 Introduction 

In the previous chapter, a parallel rotary and reciprocating type  human skin tribometer was 

designed and fabricated for the measurement of human skin frictional parameters. This chapter 

consists of the experimental procedures, results, and analysis of the coefficient of friction 

values obtained through the respective tribometers.  

There are multiple studies available in the literature for the frictional attributes of human skin. 

These studies are classified based on anatomical region, countersurface material, characteristic 

property being investigated, type of measuring technique, range of normal load, and application 

specific tribological research such as that for textile, gripping, medicine, and product design. 

One of the objective of  the current research is to experimentally investigate the tribological 

behaviour of human skin through in-house developed parallel rotary and reciprocating 

tribometers. Experimental investigations are carried on finger pad taking three constraints 

namely (i) Subjects should represent the Indian diaspora, (ii) Experiments should be conducted 

to majorly represent Indian climatic conditions and (iii) normal load and sliding velocities taken 

should practically replicate the precision and power grips mostly vital in importance for the 

designing of assistive devices for elderly users. 

Experiments were conducted in the time of year that suitably represented the temperature and 

humidity range as per data of The Indian Society of Heating, Refrigerating, and Air 

Conditioning Engineers (ISHRAE). The Indian climatic divisions as per the Koppen 

classification are divided in six zones namely, Montane, Humid subtropical, Tropical wet and 

dry, Tropical wet, Semi-arid and Arid.  

Table 4.1 presents the data for the maximum, minimum and mean range of temperature and 

relative humidity (RH). Mean range of temperature for “humid subtropical”, “tropical wet and 

dry”, “tropical wet”, “semi-arid” and “arid” is 25.6 degree celsius and that of RH is 70 % 

.Therefore experiments are performed at 25 ± 2 and 60 ± 10% to replicate the climatic 

conditions of over 80% of Indian population. Human skin greatly affects the perception and 

cognitive behaviour of an individual.  
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Table 4.1 Max, min & mean values of temperature and relative humidity 

Climatic Zone 
Temp (°C) RH (%) 

Max Min Mean Max Min Mean 

Montane 35.1 -4.5 15.3 100 4 52 

Humid Subtropical 40.8 5.5 23.8 99 13.9 70.3 

Tropical wet and dry 41.5 12.1 26.7 99.1 13.4 77.9 

Tropical wet 35.6 19.4 27 99.3 20 78.8 

Semi-arid 40.8 5.5 23.8 99.4 13.9 70.7 

Arid 44.8 5.6 27 99.3 4.1 50 

Human skin friction has been studied by various researchers through different lenses as in 

medicine [1]–[4], sports [5]–[7], materials [8]–[10], cosmetics [11]–[14], and textiles [15]–

[19]. Skin friction is one of the most common factors for the blisters of skin [20], [21]. For the 

product design, shear forces generated at the interface of contact should well be optimised to 

have both the comfort and convenience of an individual. For example, in the designing of the 

assistive devices for an elderly person, the reduced cognitive abilities at old age are 

compensated by the application of higher gripping force [22], that may result into shear at the 

contact interface due to generation of higher frictional forces. Sports equipment designs are 

highly influenced by the nature, microclimate and ergonomics of the sportsperson [5]. 

Researchers have worked on the evaluation and development of materials that tend to optimise 

the perception, feel and grips of human skin as per the domain of application [23]–[26]. 

Tribological tests pertaining to the personal care products are performed to be in assent of the 

cosmetological standards [7], [11], [27], [28]. Another focus domain for the measurement of 

frictional attribute of human skin is its interaction with textiles. Number of studies have been 

performed to investigate the tribological interaction of various anatomical regions of human 

skin with textile materials [29]–[31]. No literature could be traced for the frictional study on 

the Indian subjects and environment coupled together. In the present work, tribological study 

is conveniently conducted with in the Indian climatic conditions taking subjects from the Indian 

anthropometric domain.  

Human skin friction is influenced by multiple intrinsic and extrinsic parameters as discussed 

in detail in chapter 2 section 2.1. Intrinsic factors constitute those attributes which are related 

to the subject characteristics such as skin hydration, glabrous nature, age, gender, ethnicity, 

and anatomical region. Extrinsic parameters constitute of normal load, sliding velocity, climate, 

contact material, texture, relative humidity, and temperature. Both these combined have 
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another classification based on size namely macro and micro. Glabrous nature [32], textures 

[33]–[35], relative humidity [36]–[38], temperature [36] and hydration [39]–[41] are labelled 

as micro attributes while, normal load [42]–[45], sliding velocity [46]–[48], and surface 

roughness [40], [44], [49], [50] are considered macro parameters [51].  

Further, the chapter is divided in four sections. Section 4.2 presents the method of test material 

selection. Section 4.3 reports the experimental results obtained through parallel rotary type 

tribometer (RTT) while, section 4.4 reports and discusses the results obtained through sliding 

type tribometer (STT). Section 4.5 summaries chapter 4. 

4.2 Test Material Selection 

It is concluded from the literature that the experimental investigations have been performed on 

variety of metal, textile, polymers, wood, plastics etc. For the selection of materials as a non-

metal test sample a survey was conducted for popular choices of material. 

Survey was conducted (Questionnaire in Appendix I) both in offline and online modes 

consisting through convenience sampling such as student, staff, friends, and family.  E- mail 

communication was sent to the participants along with a short description about the objective 

of the study. Total of 832 (247 offline) and (585 online) participants were approached. Overall, 

685 responses were received which represents 82.33 % response rate. 179 responses were 

removed due to unnamed and unfinished survey. Final sample size came to 506 ,demographic 

data has been included in the appendix. Majority of responses were from age category 18- 30 

years old (56.3%) with representation of 327 (64.6%) males and 179 (35.4%) females. Survey 

was conducted with in the six Indian physiographic regions with responses from central 

highlands (16.8%), coastal plains (eastern & western) (14.8%),  great plains (41.5%), islands: 

Andaman & Nico bar (2.2%), northern mountains (5.9%), peninsular plateau (16.8%). As per 

the job affiliation most representation is from the administrative/ managerial/ teaching (52.6%), 

hospital/ medical staff (6.3%), housemaker (6.7%), software engineers/ bankers (20.4%), 

sports (1.2 %) and student (11.3%). 

Three major takeaways  from the responses are as follows: 

▪ Most preferred textile for apparel design at the workplace: 

Table 4.2 shows the across the job profiles other than sports, most preferred outfit for work is 

cotton more than double to that of denim and other. 
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Table 4.2 Fabric choices for different job profiles 

 Fabric 

Total 
Cotton Denim Other 

Jo
b

 
Administrative or managerial 

or teaching 

165 46 55 266 

Hospital or medical staff 17 9 6 32 

Housemaker 14 10 10 34 

Software engineers or banker 43 31 29 103 

Sports 1 3 2 6 

Student 41 7 17 65 

Total 281 106 119 506 

▪ Most preferred choice for the grip material: 

Respondents were requested to rate on the scale of 0 (low) to 5 (high) as shown in Table 4.3 

the most preferred material for the development of grips mostly used in rackets. Handles, tools 

etc. Maximum rating of is given to rubber followed by plastic, wood, enamel coated wood, 

and steel. 

Table 4.3 Responses for choice of grip material 

 Rubber Plastic Steel  Wood  Coated  

1 10 37 57 67 45 

2 27 98 145 95 103 

3 52 155 159 148 151 

4 167 147 99 131 143 

5 250 69 46 65 64 

▪ Preferred material for the cell phone case 

Pie chart in Figure 4.1 shows the maximum responses opted for polymer (274), followed by 

plastic (92), fabric (76)and others (64) out of 506 as the material for the development of mobile 

case for the better grip. 

 

Figure 4.1 Popular material choices for mobile phone case  
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4.3 Experimental Investigations of COF with Parallel-RTT 

Chapter 2 presented thorough the available literature the in vivo experimental investigations 

that have been performed in the domain of human skin tribology. This section presents the 

experimental results and its analysis obtained through the parallel-rotary type human skin 

tribometer. Fabrication of equipment and its validation has been discussed elaborately in the 

previous chapter. 

Rotary tribometers mostly use the probe or a rotating wheel that is pressed on the human skin 

surface with a defined load. Major difficulty obtained through these devices was of 

repeatability and reproducibility [52] that have been  reduced through the validation of the 

device through gauge R & R tests. The two most common methods used for the application of 

normal loads was dead weights and the spring mechanism that arguably gave incorrect readings 

of normal load at an instant around 30-70% of the real value. Since human skin has non-flat 

surface, normal load results in the source of variation due to valleys and crests in the human 

skin. Human skin tribological testing has been performed with different materials such as 

aluminium [37], [53], [54], steel [43], [44], [53],  Brass [53], plastic [33], [55], [56], glass [46], 

[55], [57]–[59],polymer [4], [53], [55], [60], paper [49], [61], [62] and textile [61], [63], [64]. 

Based on literature and the survey conducted current study investigates the tribological 

interaction of human finger pad with two textiles (cotton and wool), two polymeric materials 

(latex and rubber) as non-metallic and aluminium, brass, copper, and stainless steel as metallic 

countersurface material.  

4.3.1 Methodology 

After the initialization of device, calibration starts automatically. Make sure there is no weight 

at the top plate. A known weight ‘W’ is put on the platform and is manually fed using the user 

input buttons and the resultant is calculated as per the specially written program in the open-

source software of the microcontroller. Resultant readings at the two load cells are F1 and F2 

for load cell L1 and L2 respectively. The normal force acting on the roller would be: 

     
1 2( )NF W F F= − −      4.1 

Rotate the speed knob on the control unit to set the desired linear velocity at the point of contact. 

Put the second surface (finger pad) on the base. When the desired value of normal force (3N) 

and sliding velocity is set to 4.5 cm/ sec is achieved, subject is advised to apply force on the 

base platform through the finger to restrict unwarranted touching with the probe. 
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4.3.2 Fabric and polymeric test material 

Rotary tribometers reported in literature performed experiments over forearm [65], [66] , leg 

[66], scars [67], cheek [68] abdomen [69] and finger pad [37]. Most of the studies having textile 

and rubber  [4], [18], [32], [36], [63], [70] as the countersurface material have used 

reciprocating (sliding) type tribometers for the friction measurement. This is the first attempt 

to investigate the friction behaviour of textile and rubber using a rotary type of tribometer on 

the finger pad skin. As discussed in chapter 3 measurement technique greatly affects the COF 

values at the contact interface which is evident from the available literature. Various attempts 

in varied range of normal load, sliding velocity, dry and wet state have been reported in the 

previous studies.   

A. Test subjects 

All the experiments were conducted at the constant speed of 4.5 ± 0.5 cm/s. Normal load is 

varied from 3 N to 12 N to replicate the precision and power grip [71] among subjects of all 

ages. Since these were the validation tests that are reported here, subjects are referred to as 

operators. 29-year-old female and 25- & 32-years old males of Indian origin were taken as 

operators for the tests. Participant selected was briefed about the test protocols and target of 

study, and the written consent was obtained. All the tests performed on the human test subject 

were as per the Helsinki declaration.  

The experiments for the non- metallic materials were subsequently conducted to validate the 

gage repeatability and reproducibility (R& R) tests of the developed tribometer. 

B. Test material description 

Probes of counter surface material namely acrylic, aluminium, brass, copper, and steel are made 

as per the dimensions shown below in Figure 4.2. 

 

(a) 

 

(b) 

Figure 4.2 Schematic of probe used as test sample  
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Textile whose frictional behaviour with human skin is to be investigated is mounted on the 

probe (any one of the metallic probe) with the help of industrial adhesive and rubber fasteners 

from back as shown in Figure 4.3 . Test material is so well mounted on the probe, it is assumed 

that there is no relative motion between the textile and the probe. Properties of material being 

tested is summarised in Table 4.4 

 

Figure 4.3 Wool mounted over the cyllindrical probe  

Table 4.4 Properties of the test samples 

Material Warp Weft 
Weight of material 

(‘dry’ state) 

Cotton 34 33 475 gm/ m2 

Latex - - 6 gm/ glove 

Rubber - - 0.25gm /glove 

Knitted wool - 47 311 gm/m2 

 

Table 4.5 Material used as parts in gage R & R study 

Part Number Description 

1 Cotton-dry 

2 Cotton-wet 

3 Knitted wool- dry 

4 Knitted wool- wet 

5 Latex- dry 

6 Latex- wet 

7 Rubber- dry 

8 Rubber- wet 
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C. Protocol 

(1) All tests performed are in-vivo. Each subject performs three trials of measurement for each 

combination of material on the finger pad interface.  

(2) As gage R&R study requires random trials to avoid any biasness due to human interaction, 

a random trial sheet is generated for the combination of the parts, trial, and operators. 

(3) Initial readings are taken only for part number 1 ,3, 5 and 7 (as described in Table 4.5)  for 

all three trials and each operator to keep the ‘dry’ state intact. 

(4) ‘Wet’ behaviour for part 2, 4, 6, and 8 is replicated by dropping  10 μl of ionized water/ 

cm2 [16] on the area of investigation. Deionized water is an accurate way to simulate 

sweating in friction measurement experiments. Minimum time of 1 hour is kept for the 

measurements to maintain the same wetness behaviour across the trials for the same 

material. 

(5) For the trials to be unbiased and calculations easy, a constant load of 3 N is maintained for 

15 seconds in each trial. 

(6) All tests were performed at an ambient temperature of 25 ± 2 °C and relative humidity of 

55 ± 10 %. 

D. Experimental results and discussion 

Figure 4.4 represents the trial 1 (of validation) measurements of subjects S1, S2 and S3 in both 

dry and wet conditions for cotton,  latex, rubber, and knitted wool. Pronounce effect on COF 

for the ‘wet’ state is obtained for all the tested materials as shown in Figure 4.4 (a)-(d). It is 

observed that the COF values decrease with increase in load. In Figure 4.4 (a) – (d), COF 

decreases with increasing normal load in accordance with the literature [72], except for knitted 

wool. 

Figure 4.4 (a) illustrates  COF values in ‘wet’ state approximately twice to that of ‘dry’ state. 

This is attributed  to viscoelastic nature of  human skin, normal load and contact area [73]. Wet 

state causes an increase in the effective contact area, enhancing the adhesion component and 

thereby increasing the friction at the interface as shown in Figure 4.3 (a) , (b) and (c).   

Figure 4.4 (b) and (c) depicts the  behaviour of  two polymeric materials  latex and rubber. 

Continuous decrease in COF values with increasing normal load is observed. A sudden change 

in the ‘dry’ state COF values for operator 1 between the normal load of 9 and 12 N, may be 

attributed to the micro parameters  such as finger ridges, skin elasticity  and contact indentation 

which is out of scope for the current study.  
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Figure 4.4 (d) shows COF values for knitted wool in dry state more than of the wet state. In 

dry state knitted wool undergoes a relative sliding over the skin without any lubrication. 

Besides less lubrication  orientation and  hairy yarns contribute to the increase in COF. For the 

‘wet’ state with increase in normal load, water squeezes out making a very thin layer at the 

interface resulting almost constant COF.  

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.4 Plot of COF vs normal load for (a) Cotton, (b) Latex, (c) Rubber and (d) 

Knitted wool 
4.3.3 Metallic and plastic test samples 

Human skin friction measurements with metallic or plastic as a countersurface test material is 

studied by various researchers through rotary type tribometers. An experimental investigation 

is conducted for identifying the factors affecting human skin frictional behaviour [37]. The 

study takes aluminium cylinder as the countersurface material. COF ranged between 0.73 to 

3.86. Experiments were conducted on ventral and dorsal forearm as well. Out of the three tested 

anatomical regions finger pad reported the maximum COF irrespective of the age of test 

subjects. 
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Study for the friction measurement of human skin taking palm of hand as site of investigation,  

reported the mean COF of 0.42 ± 0.14, 0.61 ± 0.21, and 0.46 ± 0.15 respectively for aluminium, 

pelite, and silicone [66]. Experiments were conducted at normal load of 25 to 100 N and 

rotational speed of 25 to 62.5 RPM. The plot shows a consistent decreasing trend of COF with 

increasing normal load in Figure 4.5.  COF was reported to have a directly proportional 

relationship with rotation speed. 

 

Figure 4.5 Change in friction with normal load [66] 

A. Test subjects 

All the experiments were conducted at different normal loads and sliding velocities. Normal 

load is varied from 4 N to 10 N with a step of 2 N well within the validated range of the 

developed tribometer. Sliding velocity was varied in the range of 4.5 cm/ sec to 10.5 cm/ sec 

with a step of 2 cm/ sec. Four test subjects 30, 32, 25-year-old-male and 29-year-old female of 

Indian origin were taken as subject 1, subject 2, subject 3, and subject 4 respectively. Skin 

hydration measured at the site of investigation was 34, 37, 21 and 40 (A.U.) for subject 1, 2, 3 

and 4 respectively. Participant selected was briefed about the test protocols and target of study, 

and the written consent was obtained. All the tests performed on the human test subject were 

as per the Helsinki declaration.  

B. Test material description 

Probes of counter surface material namely acrylic, aluminium, brass, copper, and steel are made 

as per the dimensions shown in Figure 4.2. Conventional lathe was used for acrylic, all other 
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metallic probes were made through computer numerical control (CNC) facility at the central 

workshop of BITS Pilani as shown in Figure 4.6.  Surface roughness parameters such as Ra 

(Roughness average), Rq  (Root mean square roughness), Rz (Mean roughness depth), Rp 

(Maximum peak height of the roughness profile), Rv (Maximum valley depth of the roughness 

profile), Rsk (Core roughness depth),  and Rku (Sharpness of profile peaks), are tabulated in 

Table 4.6.  

Table 4.6 Surface roughness parameters for the test probes 

Parameter → 

Probe  

Ra 

(µm) 

Rq 

(µm) 

Rz 

(µm) 

Rp 

(µm) 

Rv 

(µm) 

Rsk 

(µm) 

Rku 

(µm) 

Acrylic 
2.05 3.45 12.27 5.15 10.35 -0.685 3.18 

Aluminium 3.15 4.14 24.67 6.36 17.31 -1.22 4.58 

Brass 2.173 2.72 15.15 7.41 7.738 -0.06 16.19 

Copper 0.94 1.40 8.33 1.20 7.12 -3.08 2.94 

Steel 1.53 1.88 8.66 3.13 5.53 -0.39 2.87 

Probes were tested for the roundness and the cylindricity through ROUNDTEST RA-1600 

(Mitutoyo) and the details of measurement are listed in Table 4.7 below.  

Table 4.7 Roundness and cylindricity of the test probes 

Probe 
Roundness 

(µm) 

Cylindricity 

(µm) 

Acrylic 10.58 12.28 

Aluminium 11.68 13.52 

Brass 12.21 14.94 

Copper 10.81 16.73 

Steel 15.69 15.09 
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Figure 4.6 Probes used as counter surface material (a) acrylic, (b) aluminium, (c) brass, 

(d) copper and (e) stainless steel 

C. Experimental results and discussion 

Variation of normal load with sliding velocity for all materials investigated here, is in strong 

agreement with the literature that suggests with increasing normal load COF decreases with 

few exceptions as discussed in detail in the later part of this section. The plot for dry and wet 

keeping all other factors such as velocity, load and subject shows higher COF values for wet 

state than that for the dry state which again, is potentially valid as per the literature [51]. The 

variations that are seen in the COF values are mainly due to the individual differences in the 

moisture at the asperity level [73]. The decrement in the COF values with increasing normal 

load agrees to the adhesion friction model. 

Following sections would discuss the variations of COF with normal load for the five materials 

tested here namely acrylic, aluminium, brass, copper, and steel. 

I. Acrylic: 

Figure 4.7 (a)-(d), present variation of COF at finger pad with the applied normal load for 

subject 1, 2, 3 and 4 respectively for acrylic. Experimental investigation reported COF values 

of 2.16 to 6.12 in the dry state and 3.19 to 7.41 for the wet state. In Figure 4.7 (a) For subject 

1, a gentle gradient decrease in COF at normal load of 6, 8 and 10 N for 6.5 cm/ sec velocity 

is attributed to the stick-slip phenomenon observed at the interface. In wet state average highest 

COF of 5.88 is obtained at sliding velocity of 10.5 cm/ sec compared to 4.67 of that in the dry 

state. In Figure 4.7 (b) at 8 N normal load for 6.5 cm/ sec, dry COF is 0.61 % lower from the 

average COF while that for the wet state it is increased by 3.79 % through the average value of 

all subjects. For the wet state after 4 N normal load, COF becomes constant due to non-varying 

contact area. Across all subjects Figure 4.7 (c) distinguishes the COF variation with normal for 
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wet and dry state of subject 3. Wet state COF is varied between 4.33 to 7.41 while the dry state 

COF ranges from 3.66 to 6.11. Figure 4.7 (d) shows the highest COF of 6.06 at 6 N and 10.5 

cm/ sec when compared to the average in the dry state.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.7 Plot for variation of COF with normal load for acrylic (a) subject 1, (b) 

subject 2, (c) subject 3 and (d) subject 4 

II. Aluminium: 

Figure 4.8 (a) - (d), present variation of COF at finger pad with the applied normal load for 

subject 1, 2, 3 and 4 respectively for aluminium. Experimental investigation reported COF 

values of 2.27 to 8.36 in the dry state and 2.95 to 8.75 for the wet state. In Figure 4.8 (a) at the 

intermediate velocities of 6.5 cm/ sec and 8.5 cm/ sec steep gradient change is observed at 6 N 

with 9.3 % and 8 N with 0.85 % decrease in COF from the average value. Figure 4.8 (b)  shows 

at higher velocity of 10.5 cm/ sec and low normal load of 4 N very fewer difference in the COF 

of 0.18 in the dry state. This may be because of the incomplete contact at the interface that 
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increases with the increasing normal load. In Figure 4.8 (c) minimum COF is obtained for the 

speed of 6.5 cm/ sec and 10 N normal load in the dry state. Maximum COF of 8.75 is obtained 

at 10.5 cm/ sec speed and 4 N normal load highlighting that the wet contact area decreases with 

increasing normal load due to water splashing. Figure 4.8 (d) highlights maximum average 

decrease of 30.72 % in COF value at 6.5 cm/ sec and 10 N normal load in comparision to other 

corresponding average COF values due to gender-based subjectivities. 

 
(a) 

 
(b) 

 
(c) (d) 

Figure 4.8 Plot for variation of COF with normal load for aluminium (a) subject 1, (b) 

subject 2, (c) subject 3 and (d) subject 4 

III. Brass: 

Figure 4.9 (a) – (d), presents variation of COF at finger pad with the applied normal load for 

subject 1, 2, 3 and 4 respectively for brass. Experimental investigations reported COF values 

of 0.99 to 4.08 in the dry state and 1.43 to 5.65 for the wet state. As discussed in earlier sections, 

wet contact generates higher shear forces compared to that in the dry state due to increased 
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contact area. Figure 4.9 (a) shows the prominent decrease in COF values across the data points 

of investigation. In wet state for 6.5 cm/ sec very little variation of 0.04 is observed at 6 N and 

8 N. At 8 N, COF varies approximately in the range of 0.50 from 10.5, 8.5 and 6.5 cm/ sec. 

Figure 4.9 (b) and (c) shows the neat variation of COF with normal load both in dry and wet 

state. Figure 4.9 (d) shows the sudden change in gradient between 6 N and 8 N 8.5 cm/ sec dry 

state sliding due to the sudden breakage of the interfacial shear bonds developed at the interface 

to the viscoelastic nature of the human finger pad which generates the local deformations 

consequently affecting the epidermis- the soft upper layer of skin. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.9 Plot for variation of COF with normal load for brass (a) subject 1, (b) subject 

2, (c) subject 3 and (d) subject 4 
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IV. Copper: 

Figure 4.10 (a) – (d), presents variation of COF at finger pad with the applied normal load for 

subject 1, 2, 3 and 4 respectively for copper. Figure 4.10 (a) Plot for 6.5 cm/ sec in wet state 

shows the effect of sliding velocity in the mid-range normal load on the COF at the interface. 

Obtained variation might be associated with the stick slip phenomenon at the contact interface. 

In Figure 4.10 (b) at 10 N in the wet state COF varies in the range of 2.20 ± 0.20 across all 

speeds highlighting the tribologically saturated state: in terms of load, speed, and lubrication. 

In Figure 4.10 (c) with increasing loads a steep decrease in the COF values for the plot of 10.5 

cm/ sec in dry state is attributed to the high slipping at the contact interface with reduced 

friction. Saturated contact area is obtained in the wet at 6 N load for the variation plot of higher 

velocities as shown in Figure 4.10 (d). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.10 Plot for variation of COF with normal load for copper (a) subject 1, (b) 

subject 2, (c) subject 3 and (d) subject 4 
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V. Stainless steel: 

Figure 4.11 (a) – (d) presents the plot for the variation of COF of steel with normal load for 

subject 1, subject 2,  subject 3 and subject 4. COF varied between 1.62 to 6.72 for the dry state 

and 2.20 to 8.05 for the wet state. Figure 4.11 (a) and (b) shows the inconsistent variation across 

different sliding velocities for the wet state which might be due to the partial contact obtained 

when the steel probe rolls over the finger pad. Since real time data is recorded it is very difficult 

to distinguish from the tribological perspective for the COF value. Figure 4.11 (c) shows the 

sudden increase in COF at 10 N for 8.5 cm/ sec sliding velocity in dry state. In dry state the 

deformation component becomes more pronounce then the adhesion component of friction. In 

Figure 4.11 (d) Wet state plot at 8 N shows negligible variation at all higher speeds of 6.5, 8.5, 

and 10.5 cm/ sec highlighting a point of saturation for the frictional contact at the interface. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.11 Plot for variation of COF with normal load for steel (a) subject 1, (b) 

subject 2, (c) subject 3 and (d) subject 4 



Experimental Investigations and Analysis for Parallel-Rotary Type and Reciprocating Human 

Skin Tribometer 

 
 

105 
 

The above sub-section discusses the material wise dependence of  COF on normal load and 

sliding velocities on the four test subjects both in dry and wet conditions. To make the results 

more conclusive, the COF behaviour for subject 1 for all the five materials, at varying sliding 

velocity and at 4 N minimum and 10 N maximum normal load in dry and wet state is discussed. 

Furthur, the COF behaviour for subject 1 for all five materials, at varying normal loads and at 

4.5 cm/ sec minimum and 10.5 cm/ sec maximum sliding velocity in dry and wet is plotted. 

Also the comparative analysis for dry and wet state is done for all 4 subjects for the acrylic 

material at maximum and minimum sliding velocities. 

D. Detailed discussion on friction behaviour across subjects and test materials 

Experimental investigations were performed with five material test probes for the measurement 

of human skin friction. Wet state COF is reported to be higher than the dry state COF across 

all the materials tested. This is attributed to the increase in contact area in the wet state that in 

turn results in increased friction values. In dry state a partial contact is established that neglects 

the finger ridges and capillary. Presence of water develops a full contact resulting in higher 

adhesion phenomena thereby increasing the COF at the interface [18], [39]. 

All the materials tested show the consistent increase in the COF values both for the dry and 

wet state with increasing velocity [42], [74], [75]. Friction coefficient is the ratio between the 

friction and the normal force irrespective of the normal load as per the Amonton’s first law. 

Although because of the non- linear nature, and skin being viscoelastic, adhesion friction is the 

predominant mechanism, at higher loads and roughness deformation component should not be 

ignored [76]. At certain normal loads, deviation of sliding velocity from this trend is observed 

which is related to the subjectivities associated with the test environment and volunteers. Still, 

the exact physical mechanisms that lead to increase in friction are unexplored in true essence, 

because of the micro scale contact attributes that affect the surface properties [51]. Energy 

dissipation through internal damping occurs because of the deformation and relaxation cycle 

[77], [78].  

Figure 4.12 (a) and (b) depict the variation of COF for subject 1 at minimum normal load 4 N 

and maximum load of 10 N at multiple sliding velocities for all the five materials. Wet state 

Aluminium shows the maximum COF. This is attributed to the surface roughness of the probe 

as tabulated in Table 4.6. For rough surfaces with increasing surface roughness an increase in 

COF is observed [79]. Ra surface roughness parameters do not contain any information for the 
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size, shape, or density but only the statistical parameters describing the height of the profile. 

Increasing skin friction with probe roughness follows the theory of Moore for elastomers. 

Theory suggests that COF increases with increasing roughness amplitude [80]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Plot for variation of COF for subject 1 with sliding velocity at 4 and 10 N of 

normal load in dry and wet state for (a) acrylic, aluminium & brass and  (b) steel and 

copper 

 

(a) 

 

(b) 
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Figure 4.13 (a) and (b) depicts the variation of COF for subject 1 at minimum velocity of 4.5 

cm/ sec and maximum velocity of 10.5 cm/ sec at multiple normal loads for all the five 

materials. In majority, with increasing normal load, a neat trend of decreasing COF is observed 

that is in alignment with the reported literature. Variation in size of decrease in COF depends 

on the range  of normal load, counter surface material and nature of interface [46], [81], [82].  

Since the deformation term is usually less pronounce than the adhesion component in friction 

measurement, it varies with the skin condition [63]. Another reason for decrease in COF with 

normal load increase is the flattening of contact surface under high compression and increasing 

the contact area. Strong dependence of the COF is reported because of the normal adhesion at 

the contact. Current study assumes that the real contact area varies in proportion to the contact 

area being measured. Viscous forces not measured here affect the COF at the interface due to 

the intrinsic characteristics of skin.  

 
(a) 

 
(b) 

Figure 4.13 Plot for variation of COF for subject 1 with normal load at 4.5 and 10.5 cm/ 

sec of sliding velocity in dry and wet state for (a) acrylic, aluminium & brass and (b) 

steel and copper 
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Figure 4.14 (a) and (b) represents the plot of COF  with normal load of all four subjects both 

in dry and wet state for acrylic. Plot highlights the higher COF values for subject 3 and subject 

4 at both 4.5 cm/ sec and 10.5 cm/ sec sliding velocites. Higher wet state COF values have 

been elaborately discussed in the previous sections. Higher COF for high sliding velocity and 

low normal loads is very clearly evident from the plot below. Although studies [18], [68], [69], 

[83] report the high correlation between COF and the skin hydration and few studies have 

developed various relationships such as Linear[18], [69], Power-law [68] , exponential [83] 

and bell shaped [84], [85] for the two physical parameters. This study does not 

comprehensively comments about the relation of COF with the hydration of the test subjects 

across the test materials.  

 

(a) 

 

(b) 

Figure 4.14 Plot for variation of COF with normal load in dry and wet state for all 4 

subjects (a) at 4.5 cm/ sec  sliding velocity and (b) 10.5 cm/ sec sliding velocity 

The common empirical approach to express measurement data for the friction force F is in the 

form of . nF k N= , where K corresponds to the COF at unit normal load. Hence the COF as a 

function of normal load is given by 1( ) . nN k N −=  [86]. To relate this friction measurement 

data to the friction mechanism a linear regression is performed. As shown in Figure 4.15 (a) 

and (b) depicting a power law fit for the COF versus normal load plot for subject 1 at 4.5 cm/ 

sec of sliding velocity for dry and wet states respectively. Value of exponent n range from 0.20-

0.82 which is well in accordance with the mean value of 0.68 reported in a previous studies 

[84], [87] except for copper. For the acrylic material in wet state, fit is almost a straight line. 

Normal load values taken for the  current study were well in the range of previous studies for 
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comparative analogy of the regression fit. Deviation of copper from the mean value is attributed 

to its smooth surface finish and high real contact area in the friction measurement. 

 

(a) 

 

(b) 

 

Figure 4.15 Power law fit for the COF versus normal load plot for subject 1 at 4.5 cm/  

sec of sliding velocity in (a) dry and (b) wet state 

4.4 Experimental Investigations of COF with STT 

This section presents the experimental results and its analysis obtained through the 

reciprocating (sliding) type human skin tribometer. Study [88]  presents the measurement 

principles for skin friction shown in Figure 4.16 below. 

 

(a) Rotating probe 

 

(b) Sliding probe 

 

(c) Moving skin 

Figure 4.16 Various contact configuration for human skin tribological measurements 

adopted from [88] 

Measurement principles shown above have their own robustness and technical or operational 

flaws associated to them. In Figure 4.16 (c) skin is moved over to the stationery sample. 

An attempt to highlight the contribution of micro- scale forces in the total friction force for 

both the dry and wet skin is done in [44]. Study reported, when the asperities are too high  or 
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positioned closed to each other valleys are not filled and hence only the partial contact occurs 

as shown in Figure 4.17. 

 

Figure 4.17 Represntation of dependance of contact on micro geometry and loading 

conditions [44] 

An experimental study reports the complex relationship between COF with normal load and 

moisture contents. Variation of COF with normal load as shown in Figure 4.18 at a particular 

moisture condition is a function of power law [84]. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.18 Relationship between coefficient of friction (COF) and normal load [84] 

 

Figure 4.19 Friction coefficient of the finger pad sliding in wet state [46]  

An investigation to study the stick-slip behaviour of index finger sliding in wet state on rough 

and smooth glass as a function of normal load and sliding velocity is attempted. A change of 



Experimental Investigations and Analysis for Parallel-Rotary Type and Reciprocating Human 

Skin Tribometer 

 
 

111 
 

more than  ± 25% in amplitude of COF from mean value is reported [46]. Two major reasons 

for deviation were attributed to the substantial variations in friction force during stick-slip and 

variations in the application of normal load by the test subjects. A decreasing trend of COF 

with normal load is obtained in the range of 0 to 10 N shown in Figure 4.19. 

Study presents the influence of  variations in pressure distribution on the friction of the finger 

pad [73]. Analytical results show that the pressure distribution affects the COF. In turn, its 

influence cannot be separated with those factors such as variations in the skin hydration or the 

finger positions in the measurements. Figure 4.20 (a), (b), and (c) below depict the effect of  

low normal force variation on the friction force, COF and contact area respectively. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.20 Variation of nnormal load with (a) friction force, (b) COF, and contact area 

[73] 

In current study the motion is given to the test sample beneath the skin, and finger pad friction 

is measured (although other limb areas can also be investigated). Experiments are performed 

as per the protocols discussed in the later part of the sub section. 

A. Test subjects 

All the experiments were conducted at different normal loads and sliding velocities. Normal 

load is varied from 2 N to 15 N at all points. Sliding velocity was varied in the range of 20 mm/ 
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sec to 60 mm/ sec with a step of 10 mm/ sec. Six test subjects 30, 31, 32, 33, 35-year-old-male 

and 30-year-old female of Indian origin were taken as subject 1, subject 2, subject 4, subject 5, 

subject 6 and subject 3 respectively. Participant selected was briefed about the test protocols 

and target of study, and the written consent was obtained. All the tests performed on the human 

test subject were as per the Helsinki declaration and the ethics committee of the institute.  

B. Test material description 

Plates (10 *10 cm) for the  counter surface material namely acrylic, aluminium, brass, copper, 

sun mica (referred as mica), steel and wood were fabricated as shown in Figure 4.21. Surface 

of the counter material was precisely polished and treated for any unevenness. Samples were 

prepared at the central workshop facility of BITS Pilani. Surface roughness parameters such as 

Ra (Roughness average), Rq  (Root mean square roughness), Rz (Mean roughness depth), Rp 

(Maximum peak height of the roughness profile), Rv (Maximum valley depth of the roughness 

profile), Rsk (Core roughness depth),  and Rku (Sharpness of profile peaks), are tabulated in 

Table 4.8.  

 

(a) 

 

(b) 

Figure 4.21 Fabricated plates used as test material (a) Acrylic and (b) Wood 

Table 4.8 Roughness parameters for the fabricated plates used as the test sample for 

tribological testing 

Parameter → 

Material  

Ra 

(µm) 

Rq 

(µm) 

Rz 

(µm) 

Rp 

(µm) 

Rv 

(µm) 

Rsk 

(µm) 

Rku 

(µm) 

Acrylic 0.56 0.67 2.27 1.53 0.74 -0.97 1.99 

Aluminium 2.34 3.00 15.41 5.65 9.76 -0.77 3.69 

Brass 0.36 0.51 3.33 1.37 1.95 -0.51 6.46 

Copper 2.00 2.67 16.27 5.53 10.74 -0.97 5.25 
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Steel 1.34 1.43 12.68 3.39 7.41 -0.45 2.25 

Sun mica 0.42 0.51 0.96 1.80 0.67 -0.58 0.85 

Wood 6.34 8.5 56.84 21.37 35.47 -0.82 5.27 

C. Protocol 

(1) Test sample is mounted over the force plate with a ½ inch screw and a washer to fasten 

the counter surface to the force plate, to restrict any relative motion between them (force 

plate and material). 

(2) Once the subject is acclimatised and briefed about the procedure, linear drive is set to 20 

mm/ sec for one complete reciprocation of the linear drive. With completion of each cycle 

speed is increased by a step of 10 mm/ sec up to 60 mm/ sec. 

(3) All performed tests performed are of in-vivo nature. Subject applies and controls the 

normal load through a screen attached to the measurement unit. A support fixture is 

provided to maintain a contact angle of 30 - 45 degrees between finger pad and contact 

material.  

(4) Normal force (FZ) and tangential force (shear force- FX) are deduced as per Figure 4.22. 

FY is assumed to not take part in the shear force generation as no separate motion exists in 

the Y direction (along the DAQ cable) as in Figure 4.22 (c). 

(5) Data acquisition system generates a .csv file at the frequency of 10 kHz for each sliding 

velocity. 

(6) A specially written macro-enabled program separates the data for normal load and shear 

forces (both the direction) in the range of 2 N to 15 N with a step of 1 N to calculate the 

coefficient of friction value as the ratio of FX / FZ at sliding velocities of 20, 30, 40, 50 and 

60 mm/ sec. 

(7) All tests were performed at an ambient temperature of 25 ± 2 °C and relative humidity of 

55 ± 10 %. 

 

Figure 4.22 Force measurement through kistler force measurement sytem. (a) Force 

directions as mentioned over kistler force plate, (b) Force direction described as per the 
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DAQ cable as mentioned over force plate and (c) Real finger orientation at the 

experimental setup 

D. Experimental results and discussion 

This section discusses the coefficient of friction (COF) variation with normal load for the 

reciprocating tribometer. Experimental investigations were performed on 6 subjects and 7 

materials over the range of sliding velocities from 20 mm/ sec to 60 mm/ sec with a step of 10 

mm/ sec. To keep the results succinct and efficient, graphical representation of COF plots for 

maximum and minimum velocities are only shown in Figure 4.23 to Figure 4.28. The behaviour 

of COF with normal load at different velocities are in strong agreement with the reported 

literature [51]. The following sub-sections discusses subject wise variation of COF with normal 

load at different velocities on different materials: 

I. Subject 1: 

Figure 4.23 (a)–(g) shows the variation of COF with normal load at maximum velocity of 60 

mm/ sec and minimum velocity of 20 mm/ sec for acrylic, aluminium, brass, copper, sun mica, 

steel, and wood materials respectively. The consistent decrease in the COF with increasing 

normal load is observed for all the seven test materials in both dry and wet state. The decrease 

in COF at higher load is due to the decrease in relative contribution of adhesion. It is also 

observed that COF increases with increase in sliding velocity, because of increase in surface 

temperature which in turn increases the contact area and therefore the amount of adhesive 

friction. The COF is found to be higher in wet state than dry state for all the materials at a 

particular speed. Also, it is observed that the difference in COF value between dry and wet 

state is more at low loads and with the increase in load this difference tends to decrease. This 

might be due to higher effect of shear component in comparison to normal component at low 

loads in wet state than in dry state. At higher loads the normal component of force dominates, 

and the deformation component also increases which in turn reduces the contact area and hence 

reduces the friction. In all the materials sudden rise in COF around 4 to 5 N load is observed 

which may be because of the complete interaction with skin ridges and surface irregularities at 

these loads. Thereafter, similar trend of decreasing COF with increasing loads were observed. 

At higher loads COF is found independent of normal loads, only steel material shows the 

exception which might be due to error in measurements. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 
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(g) 

Figure 4.23 Plot for the variation of COF with normal load for subject 1 (a) acrylic, (b) 

aluminium, (c) brass, (d) copper, (e) mica, (f) steel and (g) wood 

II. Subject 2: 

Figure 4.24 (a)-(g) shows the plot for COF vs normal load for acrylic, aluminium, brass, 

copper, sun mica, steel, and wood respectively. Very similar trends are observed for a particular 

material over the range of subjects as for subject 1.The abrupt results were seen at 20 mm/ sec 

in dry state for acrylic for this subject, which shown increase in COF with normal loads. There 

is no adequate justification for this except that this might be improper contact pressure between 

the skin and materials. In wet state measurements, higher shear forces are generated as evident 

with the higher COF values. Here also, it is observed that at low loads, COF in wet conditions 

is much greater than dry skin at same load condition and with the increase in load this difference 

tends to decrease. This might be due to dominance of normal load at higher load which 

increases the deformation of skin and hence reducing the contact area, thereby reducing the 

friction. At higher loads COF is found to be independent of normal loads and to some extent 

on sliding velocity in both dry and wet conditions with few exceptions which might be due to 

experimentation error. 
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(a) 

 
(b) 

 
 (c) 

 
(d) 

 
(e) 

 
(f) 
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(g) 

Figure 4.24 Plot for the variation of COF with normal load for subject 2 (a) acrylic, (b) 

aluminium, (c) brass, (d) copper, (e) mica, (f) steel and (g) wood 

III. Subject 3: 

Figure 4.25 (a)-(g) shows the plot for COF vs normal load for acrylic, aluminium, brass, 

copper, sun mica, steel, and wood respectively for subject 3. Figure 4.25 (a) shows an abrupt 

increase in COF at normal load greater than 6 N for both the sliding velocity of 60 mm/ sec 

and 20 mm/ sec. Contact at the interface between the ridges of finger and the material surface 

creates an interfacial bond that resists the motion, tending to increase the COF at the contact. 

Pronounce COF values are obtained for the wet state in comparison to the dry state across all 

materials because of the higher adhesion component of the frictional force. At load range 

between 6 to 8 N, COF is found independent of normal loads and to some extent on sliding 

velocity in both dry and wet conditions Since subject 3 is a female subject, gender-based effect 

cannot be ruled out on the frictional behaviour across the test materials. The same trend was 

seen in earlier subject at much higher loads. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 
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(g) 

 Figure 4.25 Plot for the variation of COF with normal load for subject 3 (a) acrylic, (b) 

aluminium, (c) brass, (d) copper, (e) mica, (f) steel and (g) wood 

IV. Subject 4: 

Figure 4.26 (a)-(g) shows the plot for COF vs normal load for acrylic, aluminium, brass, 

copper, sun mica, steel, and wood respectively for subject 4. Here also the same trend of 

increase in COF is seen at low loads. This is due to creation of interfacial bond due to contact 

at the interface between the ridges of finger and the acrylic surface. The COF becomes 

independent of normal load at higher load and the effect of sliding velocity also diminishes at 

these loads.  

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 Figure 4.26 Plot for the variation of COF with normal load for subject 4 (a) acrylic, (b) 

aluminium, (c) brass, (d) copper, (e) mica, (f) steel and (g) wood 

V. Subject 5 and Subject 6: 

Figure 4.27 (a)-(g) and Fig. 4.28 (a)-(g), shows the plot for COF vs normal load for acrylic, 

aluminium, brass, copper, sun mica, steel, and wood respectively for subject 5 and 6. Here also 

the abrupt behaviour is seen around normal load range of 4 to 6 N  in both dry and wet 
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conditions. This is surely due to contact between surface characteristics of materials and ridges 

of finger. The COF becomes independent of normal load at higher load and the effect of sliding 

velocity also decreases at these loads. The increase in COF in wet conditions in comparison to 

dry conditions is due to liquid bridging between the ridges of skin and the contacting surface. 

This bridging effect cause increase in friction due to shear force set up.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 
(g) 

Figure 4.27 Plot for the variation of COF with normal load for subject 5 (a) acrylic, 

(b) aluminium, (c) brass, (d) copper, (e) mica, (f) steel and (g) wood 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Figure 4.28 Plot for the variation of COF with normal load for subject 6 (a) acrylic, (b) 

aluminium, (c) brass, (d) copper, (e) mica, (f) steel and (g) wood 
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The above section discusses the dependence of  COF values on normal loads and sliding 

velocities subjectwise on different materials seperately in dry and wet conditions. To make the 

results more conclusive, the COF behaviour on different materials and velocities is analysed 

on a particular subject. Also, the comparative analysis is done amongst the subjects for acrylic 

at maximum and minimum sliding velocities. 

E. Detailed discussion on friction behaviour across subjects and test materials 

As discussed in the previous sections, COF is the ratio of tangential to the normal force acting 

at the interface as per the Amonton’s law. However, adhesion friction is the dominant friction 

but the viscoelastic nature of human skin leads to non-linear deformation. At higher roughness 

and load range, deformation component comes into existence which should also be considered 

[44] but is out of the scope for the current research explorations. Touch friction is complicated 

and is influenced by multiple factors such as, skin condition, surface properties, test conditions 

and surface material.  Figure 4.29 (a) and (b) shows the variation of COF with normal load for 

subject 1 in dry state for all material at 20 mm/ sec and 60 mm/ sec. A consistent decrease in 

COF is observed having pronounce effect of normal load on the COF. With increasing normal 

load decrease in COF is in strong agreement to the available literature. Range of decrease in 

COF depends on multiple parameters such as normal load, counter surface material and nature 

of interface [46], [81], [82].  Since the deformation term is usually less pronounce than the 

adhesion component in friction measurement, it varies with the skin condition [63]. As 

discussed previously, decrease in COF with increasing normal load is due to the flattening of 

the contact surface under high compression and increasing the contact area. Sudden change in 

trend is observed for steel at low normal loads up to 9 N with little variation in the range of 0.5 

to 1.5 N for both the sliding velocities. 

Similar varition for the wet state is shown in Figure 4.29 (c) and (d) for the wet state. Pronounce 

COF range is observed in wet state for all the materials when compared to the dry state. Higher 

sliding velocities depict higher COF values when compared to dry state, keeping all other 

parameters constant. Maximum COF is depicted by acrlyic at 60 mm/ sec, while average 

minimum is that for wood. Acrylic shows the highest COF because of increased contact area 

due to the smooth surface finish having Ra of 0.67, thereby the increased adhesion component 

that increases the friction component. Being a layered material having the high absorption, 

absorbs the water at higher loads thereby decreasing the COF at the contact interface. 



Experimental Investigations and Analysis for Parallel-Rotary Type and Reciprocating Human 

Skin Tribometer 

 
 

126 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.29 Plot for the variation of COF with normal load for subject 1 (a), (b) in dry 

state and (c), (d) in wet state at 20 and 60 mm/ sec velocity 

Figure 4.30 (a) and (b) shows the COF variation of subject 1 for all materials both in dry and 

wet state at minimum speed of 20 mm/ sec. The dependence of COF with normal load is given 

by 1( ) . nN k N −=  [86]. To relate this friction measurement data to the friction mechanism a 

linear regression is performed. As shown in Figure 4.30 (a) value of exponent n range from 

0.20-0.82 which is well in accordance with the mean value of 0.68 reported in previous studies 

[84], [87] for dry state. Figure 4.30 (b) shows the fit for the plot of COF versus normal load in 

wet state. In wet state exponent n varies between -0.013 for brass to 0.77 for steel.  Deviation 

of acrylic, brass, and mica from the mean value is attributed to its smooth surface finish, texture, 

and plasticization effect in the linear movement of the finger pad for the friction measurement. 
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Figure 4.30 Power law fit of COF with varying normal load in (a) dry sate (b) wet state 

for subject 1 at 20 mm/ sec velocity  

Figure 4.31 (a) and (b) represent variation of COF with normal load for acrylic at 20 mm/ sec 

and 60 mm/ sec both in dry and wet state for comparitive study of COF across six subjects. It 

is evident from the figures below, that overall COF decreases with increasing normal load while 

it increases with increasing sliding velocity in accordance to the previously reported studies. 

Range of COF variation is higher at 60 cm/ sec sliding velocity state from 0.25 to 5.25 while 

that for 20 mm/ sec velocity the upper range of COF is 2.25 except that for subject 1 in wet 

state. Figure 4.31 depict the lowest average range of COF of 0.50 and 0.68 for subject 6 in dry 

and wet state while subject 2 has the highest average COF of 1.15 and 1.45 in dry and wet state 

respectively across all materials. 

 

(a) 

 

(b) 

Figure 4.31 Variation of COF at acrylic finger pad interface with normal load for six 

subjects in dry and wet state at velocity of (a) 20 mm/ sec and (b) 60 mm/ sec 
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4.5 Summary 

This chapter discusses the experimental investigations that have been performed using the 

rotary type and sliding type tribometers.  

Section 4.1 presents the introduction for the factors that affect the COF at human skin interface 

for experiments performed with the rotary and sliding type tribometers. 

Section 4.2 discusses the feedback for the survey conducted to select the test sample materials. 

Section 4.3 reports the experimental results performed through rotary tribometer with the 

textile and metal samples. Prominence decrease in COF with normal loads across the test 

materials is observed. Sliding velocity increases the friction component thereby increasing the 

COF. 

Section 4.4 presents the experimental investigation of seven test materials for COF at the finger 

pad interface in the velocity range of 20 mm/ sec to 60 mm/ sec. Normal load is varied from 2 

to 15 N. Maximum COF is reported for the acrylic material. 
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5 Chapter - 5 

Predictive Modelling and Optimization for Coefficient of 

Friction 

5.1 Introduction 

Human skin the largest organ, gets in contact with variety of materials in a day-to-day task of 

an individual ranging from apparels to handling and gripping of objects. Tactile perception, 

skin compatibility, touch properties and comfort are the human factors that relate to frictional 

phenomena at skin-object interface [1]. Experimental studies for the tribological phenomena 

of human skin have been investigated in variety of applications such as medical [2]–[4] sports 

[5], [6],  and  textiles [2], [7]–[9]. 

In literature [10], a statistical model to predict the coefficient of friction (COF) in a limited 

range of normal load between 0.2 to 2 N for the parameters affecting the human skin friction 

is reported. (Discussed in detail in chapters 2 and 3). Till date, no known study has been 

performed for the optimization or comparison of the experimental investigations making use 

of available optimization techniques. Hence it is imperative to have a model for the COF 

prediction for an optimised value of independent variables (attributes affecting human skin 

friction). 

To get coherent range for input variables, statistical tools are the foremost choice to get the 

most optimum and reliable results. For the predictive model development and optimization 

research, statistical tool such as response surface methodology (RSM) has been highly adapted 

in the engineering domain [11]–[14] introduced by box and Wilson [15].  RSM [16] involves 

three key steps: design of experimental runs, statistical analyses, and optimization of input or 

the independent variables. 

Another technique for the complex decision making and predictive model development, 

artificial neural network (ANN) is very popular among the research community [17]–[20]. 

ANN operates very similar to the human nervous system [21]. Modelling by ANN is highly 

preferable by virtue of its fast-processing time and precision results for the intricate data 

involved [22]. Various researchers confirm that ANN has higher accuracy and better model 

predictability than RSM [23]–[26]. ANN’s heuristic approach applies the multilayer perceptron 

to approximate the objective function thereby resolving the optimization problems where 

Lagrange multipliers are not feasible [27]. Current work reports the predictive models 
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developed individually through RSM and the ANN technique. Further, the minimization of the 

COF as a response is performed through the RSM for the optimal values of the input variables.  

In section 5.2 predictive model is developed through RSM.  Followed by section 5.3 that 

presents development of predictive model with ANN . In section  5.4, a comparative study of 

the two predictive model is performed. Section 5.5 presents the optimization of COF as a 

response variable through RSM. Lastly, section 5.5 summarises chapter 5. 

5.2 Predictive Modelling for COF using Response Surface Methodology 

RSM optimization technique developed by [28] is a set of mathematical and statistical tools 

that are employed for the model development and the problem analysis of a response affected 

by various independent variables. RSM was performed with Minitab software (version 18). 

Three independent variables were chosen for optimization of the COF values. Normal load (N), 

sliding velocity (cm/ sec) and skin hydration (Arbitrary units- A.U.) with four levels for normal 

load and sliding velocity while 3 level for skin hydration as shown in Table 5.1. The quadratic 

was regarded as a model of the design in a total of 48 run samples. The multiple regression 

analysis was performed by following the second order polynomial quadratic as in equation 5.1: 

2

0 1 1 2

k k

i i i ij i ji i j
y a a x a x a x x

=  
= + + +      5.1 

Where, y is the predicted response, a0, a1 ai, aii, aij, xi, and k are numeric constant, linear 

coefficient, quadratic coefficient, ith interaction, independent variable, and the error term 

respectively. 

Table 5.1 Experimental runs with corresponding input variables and the response 

Experimental 

run 

Input Parameters Response 

Normal load 

(N) 

Sliding velocity 

(cm/sec) 

Skin hydration 

(A.U.) 

COF 

1 4 4.5 34 5.31 

2 4 6.5 34 6.72 

3 4 8.5 34 4.93 

4 4 10.5 34 3.88 

5 6 4.5 34 4.53 

6 6 6.5 34 4.78 

7 6 8.5 34 3.78 

8 6 10.5 34 2.26 

9 8 4.5 34 3.9 
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10 8 6.5 34 3.7 

11 8 8.5 34 3.24 

12 8 10.5 34 2.38 

13 10 4.5 34 3.51 

14 10 6.5 34 3.4 

15 10 8.5 34 2.69 

16 10 10.5 34 1.96 

17 4 4.5 37 5.69 

18 4 6.5 37 5.19 

19 4 8.5 37 4.47 

20 4 10.5 37 2.67 

21 6 4.5 37 5.26 

22 6 6.5 37 4.89 

23 6 8.5 37 3.37 

24 6 10.5 37 2.17 

25 8 4.5 37 4.42 

26 8 6.5 37 4.59 

27 8 8.5 37 3.33 

28 8 10.5 37 2.2 

29 10 4.5 37 3.28 

30 10 6.5 37 4.84 

31 10 8.5 37 3.28 

32 10 10.5 37 1.94 

33 4 4.5 40 4.52 

34 4 6.5 40 6.59 

35 4 8.5 40 5.96 

36 4 10.5 40 3.28 

37 6 4.5 40 4.32 

38 6 6.5 40 5.36 

39 6 8.5 40 4.52 

40 6 10.5 40 3.1 

41 8 4.5 40 4.17 
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42 8 6.5 40 4.32 

43 8 8.5 40 4.4 

44 8 10.5 40 2.33 

45 10 4.5 40 3.61 

46 10 6.5 40 3.91 

47 10 8.5 40 2.53 

48 10 10.5 40 1.96 

5.2.1 Mathematical model 

Experimental values obtained for the coefficient of friction between human finger pad and steel 

probe measured through the rotary type of human skin tribometer in chapter 4 are tabulated in 

Table 5.1 that is used for the development of predictive model for the COF at the finger pad 

interface using equation 5.2. 

 1  9.1  0.956 *    1.041 *    0.75 *    

0.0250 *   0.1153 *  0.0093 *  

 0.0113 *   0.0060 *   0.0076 *

COF NL SV SH

NL NL SV SV SH SH

NL SV NL SH SV SH

= − + − +

− + +

+ +

  5.2 

 Figure 5.1 shows the plot for the experimental and the predicted values of COF obtained 

through the model using equation 2. Mean square error (MSE) between the experimental and 

the predicted value of COF is 0.22 which clearly shows the degree of overlapping as per the 

critical domain of application. Table 5.2 summarises the COF values obtained through the 

experimental run and the corresponding predicted values. 

 

Figure 5.1 Plot for the experimental vs predicted values of COF 
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Table 5.2 COF value  at the  finger pad interface obtained through experimentation and 

the predictive model 

Experiment No. Coefficient of friction 

Experimental RSM 

1 5.31 5.56 

2 6.72 5.71 

3 4.93 4.94 

4 3.88 3.24 

5 4.53 4.65 

6 4.78 4.85 

7 3.78 4.12 

8 2.26 2.48 

9 3.9 3.95 

10 3.7 4.19 

11 3.24 3.51 

12 2.38 1.90 

13 3.51 3.44 

14 3.4 3.73 

15 2.69 3.09 

16 1.96 1.53 

17 5.69 5.47 

18 5.19 5.67 

19 4.47 4.95 

20 2.67 3.30 

21 5.26 4.61 

22 4.89 4.85 

23 3.37 4.17 

24 2.17 2.56 

25 4.42 3.94 

26 4.59 4.22 

27 3.33 3.59 

28 2.2 2.03 

29 3.28 3.47 

30 4.84 3.80 

31 3.28 3.21 

32 1.94 1.69 

33 4.52 5.56 

34 6.59 5.80 

35 5.96 5.12 

36 3.28 3.52 

37 4.32 4.72 

38 5.36 5.01 

39 4.52 4.38 

40 3.1 2.82 

41 4.17 4.09 

42 4.32 4.42 

43 4.4 3.83 

44 2.33 2.32 
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45 3.61 3.66 

46 3.91 4.03 

47 2.53 3.49 

48 1.96 2.02 

5.2.2 Analysis of variance (ANOVA) 

ANOVA is a statistical tool or a formula which determines the variances across means for the 

different groups. Table 5.3 summaries the results of the ANOVA analysis obtained for the 

development of the predictive model of the COF between steel probe and the finger pad. The 

model has three independent variables namely normal load (NL), sliding velocity (SV) and the 

skin hydration (SH). Table 5.3 has the linear terms, square terms, and the interaction terms for 

the independent variables. Sum of square defines the square of the deviations from the mean. 

Contribution defines the source of variation for each variable to the total variations in the 

results. Adjusted sum of squares explains the amount of variation in the response which is 

explained by an individual term of the developed model. Adjusted mean of squares quantifies 

the amount of variation the model explains, considering all other terms of the model. F value 

is the ratio between the variation of means between samples to the variation within the sample. 

P value or probability value is used to determine the statistical significance of results at a 

confidence level (95% for the current study). If the p value of a term in the model is more than 

0.05, the term is insignificant for the model development and vice-versa.  

Table 5.3 Analysis of variance (ANOVA) 

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value 

Regression 9 59.2458 84.87% 59.2458 6.5829 23.68 0.000 

Linear 3 48.1978 69.04% 48.1978 16.0659 57.78 0.000 

Normal Load 1 21.7533 31.16% 21.7533 21.7533 78.24 0.000 

Sliding Velocity 1 25.9680 37.20% 25.9680 25.9680 93.40 0.000 

Skin Hydration 1 0.4765 0.68% 0.4765 0.4765 1.71 0.198 

Square 3 10.7610 15.41% 10.7610 3.5870 12.90 0.000 

 NL*NL 1 0.4790 0.69% 0.4790 0.4790 1.72 0.197 

 SV*SV 1 10.2075 14.62% 10.2075 10.2075 36.71 0.000 

SH*SH 1 0.0745 0.11% 0.0745 0.0745 0.27 0.608 

Interaction 3 0.2870 0.41% 0.2870 0.0957 0.34 0.794 

NL*SV 1 0.1531 0.22% 0.1531 0.1531 0.55 0.463 

NL*SH 1 0.0513 0.07% 0.0513 0.0513 0.18 0.670 

SH*SV 1 0.0826 0.12% 0.0826 0.0826 0.30 0.589 
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Error 38 10.5654 15.13% 10.5654 0.2780       

Total 47 69.8112 100.00%             

R2 = 0.8487     R2 (adj) = 0.8128    R2 (pred) = 0.7483 

Sliding velocity is found to be the most significant factor affecting the COF with a contribution 

of  37.20%, followed by normal load contributing 31.16% and square term of sliding velocity 

contributing 14.62%. Linear term of skin hydration, square terms for normal load and skin 

hydration including all three interaction terms have p value of more than 0.05 thereby having 

insignificant role in the development of the model. Coefficient of determination R2, defined as 

the ratio of the explained variation to the total variation, signifies how well is the fitness of 

model. As R2 tends to the value equal to 1, the fitness of the response model improves. The 

value of R2 = 0.8487 indicates that 84.87 % of the total variations are explained by the model.  

Adjusted R2 adjusts the R2 with respect to the variables that are not significant to the model, it 

considers the number of independent variables used for predicting the response. Adjusted  R2 

having value of 0.8128 indicates that model explains variability of 81.28 % when considering 

the significant terms. Predicted R2 with value of 0.7483 depicts that the model is expected to 

explain 74.83 % variability when tested with the new set of data. 

5.2.3 Fitness of the model 

Model satisfies its appropriacy by the residuals, which is defined as the difference between the 

experimental(observed) and the predicted value. For model to be adequate, points on the 

normal probability plots of the residual should form a straight line. Figure 5.2 clearly depicts 

that all the points approximately lie on a straight line without any special trend and the errors 

being distributed normally. In residual analysis, ‘residual vs fit plot’ shown in Figure 5.3 is 

used to examine outliers, unequal error variances, and the non-linearity. 

 

Figure 5.2 Normal probability plot of residual for COF 
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Figure 5.3 Residuals vs fitted value for response (COF) 

5.2.4 Parametric influence of input parameters on COF 

As discussed in previous chapters, COF at the finger pad interface is affected by multiple 

macro, micro and intrinsic or extrinsic factors. Since micro factors such as relative humidity, 

temperature, and surface roughness affecting the human skin friction were not controlled hence 

are assumed to be similar across the experiments. Only the macro parameters normal load, 

sliding velocity and skin hydration as an intrinsic attribute of human skin friction measurement 

are parametrically investigated. Fitted means assess the response differences due to changes in 

factor levels, it’s a good practice to use the fitted means for better and precise results. Figure 

5.4 shows the main effect plot, highlight increase in normal load substantially decreases the 

COF value i.e., normal load being inversely proportional to the COF value. Sliding velocity 

shows an initial increase and then substantial decrease in the COF that is attributed to the 

breakage of interfacial bonds at the finger pad in the physical aspects of contact. Effect of skin 

hydration cannot be concretely defined through these experiments and requires higher number 

of subjects and datapoints. Main effect plot clearly explains the ANOVA values reported in 

Table 5.2. Interaction plot in Figure 5.5 illustrates that there is no relation between the 

interaction of the attributes normal load, sliding velocity and the skin hydration in agreement 

to the p value obtained in the ANOVA results. 
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Figure 5.4 Main effects plot for COF 

 

Figure 5.5 Interaction plot for COF 

Surface plots and contour plots are shown in Figure 5.6 – Figure 5.8. Figure 5.6 (a) and Figure 

5.6 (b) shows the surface plot  and contour plot for COF vs sliding velocity and normal load at 

a constant value of 37 for skin hydration respectively. It is clear from both the plots that COF 

increases with SV up to approximately 6.5 cm/ sec and decreases beyond it. Although increase 

in normal load  linearly decreases the COF values at the interface. 
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(a) 

 

 
(b) 

Figure 5.6 (a) Surface plot and contour Plot for COF vs sliding velocity (SV) and 

normal load (NL) at skin hydration (SH) of 37 

Figure 5.7 (a) and Figure 5.7 (b) shows the surface plot  and contour plot for COF vs skin 

hydration and sliding velocity at a constant value of normal load 7 N respectively. Skin 

hydration being the insignificant factor as deduced from its p value of more than 0.05 in the 

ANOVA results, have very small or no effect on the COF values at the finger pad contact. 

 

 
 

(a) 
 

(b) 

Figure 5.7 (a) Surface and contour plot for COF vs skin hydration (SH) and sliding 

velocity (SV) at  normal load (NL) of  7N 

It is to be observed from Figure 5.8 (a) and Figure 5.8 (b) that only normal load has a 

pronounced effect on the COF value at a constant sliding velocity. COF forming a ridge at the 

initial values of normal load, continuously increases the COF value with a decrease in normal 

load. These  3D plots can be made use of while designing a similar contact device and obtaining 

a specificized range of the COF keeping the sliding and hydration components in range. 
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(a) (b) 

Figure 5.8 (a) Surface and contour plot for COF vs skin hydration (SH) and  normal 

load (NL) at  sliding velocity (SV)  of  7.5 cm/ sec 

5.3 Predictive Modelling for COF using Artificial Neural Network 

Artificial neural network (ANN) is inspired by a real human nervous system. Its basic unit of 

operation is referred to as neurons. As human brain ANN effectively deals with problems 

involving large and noisy data. The central framework of the ANN model consists of a neuron 

which has unidirectional connection such as biological dendrites. Connections carry specific 

weights that are passed to the hidden layer. Within the hidden layer an activation function 

(summation unit) is applied along with a bias. Generally, neural network (NN) has three layers 

viz an input layer to receive signal and information from an environment, an output layer to 

transmit the information to the environment and in between these lie the hidden layers. NN are 

structured based on the connection architecture, activation functions, and the learning/ training 

functions used in the development of network. A multilayer feed forward network is as shown 

in Figure 5.9 below. 

Figure 5.9 Multilayer feed forward network 
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All layers are interconnected in a way that each neuron of a preceding layer is connected to 

each neuron of a successive layer. Input layer simply takes value and transmits to its connected 

neurons. Signals are unidirectional from input to the hidden and finally transmitted by the 

output layer. All the processing and operations are performed in the hidden or the output layer. 

NN is further trained to perform a task by adjusting the weights at the connection between the 

neurons. Error is computed as the difference between the targeted output and the output 

obtained through the network. An activation function consisting of linear and non-linear 

equations (to better handle complex non- linearity) is incorporated to determine the output of 

the neuron. Output layer takes the processed results from activation function and presents the 

output. 

5.3.1 Factors affecting ANN model development 

Although not much is reported in the domain of human skin tribology pertaining to ANN, 

literature highlights that irrespective of application specificity, NN is greatly affected by the 

following parameters that are common for the development of an efficient predictive model: 

Neural network structure 

Current predictive model developed through the ANN technique consists of 3 input layers, 10 

hidden layers and an output layer. 

Dataset 

Literature reports that increase in the amount of training data, subsequently enhances the 

accuracy of the model. Since the current study is human based, in-vivo experiments involving 

the  ethical regulations put limits on the number of experimental runs that could be performed. 

In other domains of applications such as machining, condition monitoring extraction 

techniques popularly 27 runs are taken (varies with factors and levels), so having 48 runs seems 

to be a good fit for training a model involving the associated subjectivities. 

Training to testing data ratio 

Dataset was divided in the ratio of 70:30, 34 datapoints were taken as training samples while,14 

was taken as the testing data sets. 

Network type 

Feedforward backpropagation is taken for the model development. This technique 

continuously updates the error to the hidden layer. Backpropagation algorithm used here, is 

one of the most popular techniques in the engineering domain for the development of predictive 

models through the ANN. 
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Transfer function, Adaption learning function and Performance function 

The net input to unit ‘ ’ in the hidden layer provided by a multilayer feedforward training 

network with one hidden layer is given though equation 5.3:  

,1
_  

J

j k j kj
Hidden net W i b

=
= +     5.3 

Where 𝑤𝑗,𝑘 is the weight between the input and hidden neurons, 𝑖𝑗 is the input value for normal 

load, sliding velocity and skin hydration in relation to the experimental runs and 𝑏𝑘 being the bias 

on the hidden nodes. The weights and bias between the input and hidden layers used for the model 

development are tabulated in Table 5.4. 

Table 5.4 Weight and bias between input and hidden neurons 

Wj,k  j=3, k=10 W1k W2k W3k bk 

1 3.68 4.84 -0.81 -3.78 

2 1.09 -4.83 -3.08 4.65 

3 -5.76 1.66 1.496 -2.37 

4 -0.10 -0.36 -1.55 0.52 

5 3.25 2.05 -0.80 0.75 

6 -0.88 3.60 0.83 -0.70 

7 -0.53 2.13 -3.45 3.21 

8 1.05 -2.81 -2.35 2.57 

9 -2.61 3.30 -1.07 -0.31 

10 -1.42 1.99 -2.81 -2.86 

 

Net input to the output layer (z) is computed through equation 5.4: 

,1
 _

k

k z k zk
Output net W h b

=
= +     5.4 

Wk,z being the weight between the hidden neurons and  the output neuron, hk is the output 

through hidden nodes while bz is the bias attached to the output node. Weights between the 

hidden and output layer used are shown in Table 5.5. Bias between hidden and output layer is 

-0.9787. 

Table 5.5 Weights between hidden and output neuron 

Wk,z  , k=10 z=1 W1k 

1 -0.34 
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2 1.26 

3 0.15 

4 -1.06 

5 -0.24 

6 -0.57 

7 0.95 

8 -0.69 

9 -0.09 

10 0.42 

ANN feed forward back propagation used the Levenberg Marquardt (LM) for training the 

algorithm with the weights and biases as mentioned in Table 5.4. Mean Squared Error (MSE) 

is computed for the performance measurement through equation 5.5. Various functions used in 

the model development are presented in Table 5.6. 

( )1

1
(

n

i li
MSE y y

n =
= −     5.5 

Where,  

MSE=mean squared error 

n = number of sample 

yi = (observed) experimental value 

𝑦�̂� = predicted value 

Table 5.6 Summary of parameters used in the developed model 

Parameter Algorithm used 

Transfer function logsig, tansig 

Training function traingdx 

Learning function learngd 

5.3.2 Analysis of the results obtained through ANN predictive model 

Figure 5.10 shows the plot for MSE and the epoch (iteration number). MSE decreased with 

each ascending iteration up to 385 and became constant thereon, thus stopping the training 

algorithm. Further, model was tested with the different set of values not used in the training 

phase and a plot for the experimental vs ANN – predicted COF values tabulated in Table 5.7  

is depicted in Figure 5.11. 
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Figure 5.10 Mean square error vs epochs 

 

Figure 5.11 Plot for the experimental vs predicted (ANN) values  of COF 

Table 5.7 Tabulation of experimental and predicted values of COF 

Experiment No. Coefficient of friction 

Experimental ANN 

1 5.31 5.34 

2 6.72 6.09 

3 4.93 4.88 

4 3.88 3.79 

5 4.53 4.76 

6 4.78 4.73 
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7 3.78 3.85 

8 2.26 2.36 

9 3.90 3.87 

10 3.70 3.76 

11 3.24 3.19 

12 2.38 2.19 

13 3.51 3.61 

14 3.40 3.45 

15 2.69 2.55 

16 1.96 2.14 

17 5.69 5.65 

18 5.19 5.56 

19 4.47 4.74 

20 2.67 2.97 

21 5.26 5.03 

22 4.89 5.38 

23 3.37 3.41 

24 2.17 2.22 

25 4.42 4.38 

26 4.59 4.72 

27 3.33 3.24 

28 2.20 2.06 

29 3.28 3.35 

30 4.84 4.67 

31 3.28 3.03 

32 1.94 2.21 

33 4.52 4.87 

34 6.59 6.06 

35 5.96 3.99 

36 3.28 4.14 

37 4.32 4.34 

38 5.36 5.65 

39 4.52 4.45 

40 3.10 3.12 

41 4.17 4.12 

42 4.32 4.19 

43 4.40 4.19 

44 2.33 2.17 

45 3.61 3.35 

46 3.91 3.69 

47 2.53 3.09 

48 1.96 2.17 

5.4 Comparative Analysis of the Developed Predictive Models 

Table 5.8 summarises the results obtained through experiment, and the two predictive models 

developed by RSM and ANN respectively along with the associated relative errors through 

equation 6 per experimental run. The mean average relative error for RSM is 9.93% while that 
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for the ANN it is 5.91%. Although ANN model has a lesser relative error in comparison to the 

predictive model developed by the RSM, considering the nature of subjectivities associated 

with the domain of application, error  < 10% is too in acceptable range. Equation 5.6 calculates 

the relative error. 

  *100%
Experimental Predicted

Relative error
Experimental

−
=    5.6 

Table 5.8 Experimental/ predicted values  and relative errors for COF 

Experiment 

No. 

Coefficient of friction Relative error (%) Relative error (%) 

Experimental RSM ANN RSM ANN 

1 5.31 5.56 5.34 4.76 0.61 

2 6.72 5.71 6.09 14.96 9.32 

3 4.93 4.94 4.88 0.27 0.88 

4 3.88 3.24 3.79 16.23 2.15 

5 4.53 4.65 4.76 2.81 5.08 

6 4.78 4.85 4.73 1.55 0.95 

7 3.78 4.12 3.85 9.21 1.85 

8 2.26 2.48 2.36 9.73 4.79 

9 3.9 3.95 3.87 1.33 0.71 

10 3.70 4.19 3.76 13.33 1.83 

11 3.24 3.51 3.19 8.42 1.50 

12 2.38 1.90 2.19 19.92 8.08 

13 3.51 3.44 3.61 1.82 2.94 

14 3.40 3.73 3.45 9.78 1.51 

15 2.69 3.09 2.55 15.14 4.83 

16 1.96 1.53 2.14 21.45 9.61 

17 5.69 5.47 5.65 3.69 0.65 

18 5.19 5.67 5.56 9.37 7.18 

19 4.47 4.95 4.74 10.75 6.05 

20 2.67 3.30 2.97 23.70 11.35 

21 5.26 4.61 5.03 12.35 4.21 

22 4.89 4.85 5.38 0.77 10.21 

23 3.37 4.17 3.41 23.78 1.23 

24 2.17 2.56 2.22 18.37 2.66 

25 4.42 3.94 4.38 10.85 0.87 

26 4.59 4.22 4.72 7.90 2.84 

27 3.33 3.59 3.24 7.86 2.40 

28 2.2 2.03 2.06 7.52 5.95 

29 3.28 3.47 3.35 5.79 2.13 

30 4.84 3.80 4.67 21.44 3.34 

31 3.28 3.21 3.03 2.06 7.39 

32 1.94 1.69 2.21 12.38 14.01 

33 4.52 5.56 4.87 23.08 7.87 

34 6.59 5.80 6.06 11.90 8.00 

35 5.96 5.12 3.99 14.00 32.89 
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36 3.28 3.52 4.14 7.40 26.27 

37 4.32 4.72 4.34 9.48 0.61 

38 5.36 5.01 5.65 6.40 5.45 

39 4.52 4.38 4.45 3.05 1.51 

40 3.10 2.82 3.12 8.88 0.75 

41 4.17 4.09 4.12 1.78 1.00 

42 4.32 4.42 4.19 2.50 2.95 

43 4.4 3.83 4.19 12.76 4.66 

44 2.33 2.32 2.17 0.17 6.56 

45 3.61 3.66 3.35 1.42 7.12 

46 3.91 4.03 3.69 3.29 5.55 

47 2.53 3.49 3.09 38.11 22.51 

48 1.96 2.02 2.17 3.43 11.12 

5.5 Optimization of COF through Response Surface Methodology 

Problem formulation  

COF optimization formulated through RSM as: 

Minimise 

COF =  19.1 - 0.956 * NL + 1.041 * SV - 0.75 * SH + 0.0250 NL*NL - 0.1153 SV*SV+ 0.0093 

SH*SH + 0.0113 NL*SV + 0.0060 NL*SH + 0.0076 SV*SH 

Subject to the following constraints: 

4 N ≤ NL ≤ 10 N 

4.5 cm/ sec ≤ SV ≤ 10.5 cm/ sec 

34 ≤ 𝑆𝐻 ≤ 40 

RSM optimization is based on the desirability function analysis. It works on the principles of  

reduced gradient algorithm, which starts with multiple solutions and finally obtains the 

maximum value of the desirability, to determine the most optimal solution. Desirability 

function is frequently used for the optimization of multi objective responses by converting to 

a single desirability value [29]–[31]. For the current case of single objective minimization 

problem, desirability value (d) is calculated using equation 5.7: 

min1 ,f yd yi =  

min
min max

min max

,

r

y y
d y y y

y y

 −
=   

− 
        5.7 

max0 ,f yd yi =   

where, 

y is the output during optimization, ymin and ymax being the lower and upper bounds of the 

response obtained through experimentation. 
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Desirability function is scaled in the range of 0 to 1. 

The scale of the desirability function ranges between 0 (unacceptable) and 1 (target fit).  

Three types of desirability functions are: 

• Larger the better 

• Smaller the better 

• Nominal the better 

In the present analysis single response optimization is performed for achieving minimum COF 

based on the predictive model given in equation 5.2. Optimization results are shown in Figure 

5.12. Optimal values for normal load, sliding velocity and skin hydration are 10 N, 10.5 cm/ 

sec and 34 (A.U.) respectively. The optimum value of COF is 1.5395. Obtained desirability 

value obtained is 0.770, good with respect to domain of application. In Figure 5.12 individual 

graphs of COF with normal load, sliding velocity and skin hydration are plotted showing their 

individual effect on the response which agrees to the main effect plot, interaction plot and the 

ANOVA results discussed in the previous sections. 

 

Figure 5.12 Response optimization plot for COF 
 

5.6 Summary 

In the current chapter, predictive models have been developed through response surface 

methodology (RSM) and artificial neural network (ANN). Salient features of the chapter are 

as mentioned below: 

1. Three prominent attribute for the human finger pad friction with a contact interface 

namely normal load, sliding velocity and skin hydration were taken as independent 

variables. 
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2. Total 48 experimental runs were performed for the combination of 4 levels for normal 

load, sliding velocity and 3 levels for skin hydration. 

3. ANOVA results conclude sliding velocity (SV), and normal load (NL) in linear, while 

SV*SV in quadratic as the most significant terms in the predictive model development 

through RSM. All interaction terms are insignificant with p value more than 0.05. 

4. RSM model is checked through normal probability and residual plots. 

5. A 3-10-1 architecture base neural network is designed for the development of predictive 

model through artificial neural network (ANN). 

6. ANN network was validated through different set of data to determine the predictability 

of the model. 

7. Comparative study on the performance of two techniques for the predictive model 

development with relative error of 9.93% for the RSM while 5.91% that for ANN 

revealed ANN to be better performing. 

8. Parametric optimization performed through RSM resulted desirability value of 0.770 

and the optimal values for the normal load, sliding velocity and skin hydration to be 10 

N, 10.5 cm/ sec and 34 (A.U.) respectively. 
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Chapter - 6 

Conclusions and Future Scope of Work 

6.1 Conclusions 

Concepts of human skin tribology have direct influence on the day-to-day tasks of an 

individual. Ranging from picking an object, writing, typing to its feel or perception and 

classification, tactile properties play a vital role. Although tribological properties of skin 

depend on multiple factors that are intricately related to one another, this study examines the 

effect of normal load, sliding velocity and skin hydration on the human skin tribological aspects 

in Indian context. The thesis addresses the need of a skin friction measurement device with 

development of human skin tribometers, and its performance is evaluated via experimental 

investigations. Further, a predictive model for the determination of COF at the finger pad 

interface is developed. 

A bibliometric study is performed by exploring 3956 from scopus and 190 documents through 

web of science database and is presented in Chapter 2. Bibliometric analysis is performed to 

identify influential authors, organizations, highly cited research articles, and collaborations. 

Co- citation analysis performed provides the insights on the simultaneous citations of an author 

to different articles. Collaboration network highlights the collaborations from domain experts 

on the global scale. Three field plot presents the most influential country, authors, and the 

keywords with respect to documented research in human skin tribology. Later sections of this 

chapter provide a scoping review using “Preferred reporting items for systematic reviews and 

meta-analyses” (PRISMA) technique. Sixty-three articles were selected post year 2000 

focussing exclusively on, in-vivo experimental investigations. Further, for the theme of current 

work, these studies were classified in four anatomical regions highlighting their measurement 

techniques, scope, parameters, range of coefficient of friction (COF) and the contact material. 

Chapter 3 dealt with the development of two tribometers first rotary type and second 

reciprocating type for the measurement of human skin friction. In this chapter the design and 

development of the rotary type tribometer having the round test probes is presented with its 

validation through gage repeatability and reproducibility tests.  Rotary type tribometer is highly 

portable with versatile applications over forearm, lower limbs, and tactile friction 

measurements. Further, development of sliding type human skin tribometer is presented. 

Sliding tribometer design measures COF at higher range of normal loads and velocity taking   

flat test samples as the countersurface with the human skin. 
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Experimental investigations and their analysis in relation to the tribological aspects of the 

finger pad contact with test samples is reported in Chapter 4. For the selection of optimum 

experimentation conditions, mean temperature and relative humidity were computed to 

replicate the major atmospheric conditions of six climatic divisions of India.  Average 

atmospheric conditions obtained are 23.9 °C temperature and relative humidity of 66.6 %.   A 

response-based survey conducted for the test samples received maximum responses for rubber 

followed by plastic, wood, enamel coated wood and steel for the grip material selection. An  

expert survey with the operators on the shop floor, rated steel and brass for the hand tool 

material as the first preference followed by copper and  aluminium. 

Variation of COF values at four discrete normal load values at varying sliding velocities is 

investigated in both dry and wet state. Wet state shows higher COF values at the comparable 

values of normal load and sliding velocities. Same phenomenon of higher COF values in wet 

compared to that in dry state is  observed for the sliding tribometer. Rotary experiments were 

performed with textile, rubber, acrylic, metals included aluminium, brass, copper, and steel. 

Test materials used in sliding tribometer included acrylic, wood, and metals (aluminium , brass, 

copper, and steel). 

Chapter 5 presents the predictive model for COF between finger pad and steel probe based on 

the three input variables namely normal load, sliding velocity and the skin hydration. Two 

separate models are developed, and a comparison is made between the two through the 

experimental results obtained by rotary type tribometer. First model is developed by analysing 

the experimental design through response surface methodology (RSM) while the other model 

is developed through artificial neural network (ANN) technique. Although both the models 

have good predictability considering the subjectivities involved in the tactile friction 

measurements. When compared ANN model shows better performance with relative error of 

5.91% over that of 9.93 % for RSM model. The developed model is useful for the 

manufacturers to design customised products such as hand tools, gripping objects, assistive 

devices for the disabled and sports equipment design as per the required precision or the power 

in grip. 

6.2 Future Scope of Work 

Following are the proposed future directions to further explore the field of in-vivo human skin 

tribological investigations: 

1. Developed tribometers can further be modified in structure to make it more portable and 

handier to operate on other anatomical regions of the human body. 
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2. Environmental controlled investigations can be performed to better understand its effect 

over the human skin tribological phenomenon. 

3. More experiments with sufficiently greater number of subjects with varying range of age 

and gender are needed to generalise the frictional behaviour. 

4. Test samples with surface modifications in terms of roughness, textures and surface finish 

be tested, to parametrically analyse its tactile frictional behaviour. 

5. Tests with on bed patients to prevent the development of pressure ulcers by monitoring the 

generation of shear forces and continuous repositioning. 

6. Higher number of experiments shall be conducted with variety of materials to increase the 

predictability of model by including only the significant factors. 
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Questionnaire for the Test Material Selection Survey 

Question 1: 

Fabric preferences at the workplace? 

Question 2: 

Choice of material for grip development. 

Question 3: 

Most preferred material for the development of cell phone cases? 
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